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ABSTRACT 

This thesis concentrates on the instrumentation of air- 
craft, facing the problem of steep angle approaches or 
landing in zero-zero visibility. 

A V/STOL aircraft (of the tilt-engine type) has been 
simulated, using the non-linearized form of the equations 
of motion, and has been flown from cruise altitude to 
touchdown with severe wind disturbances, descending along 
glideslopes of 4,47O, 8-87' and 17.3O. 

Three kinds of instrumentation have been used : a conventional 
set of cockpit-like instruments, the same set augmented by J 
means of a flight-path profile display, and a contact analog 
perspective glideslope indicating system. 

A general display program has been written, to display 
a skeleton scenery, consisting of lines connecting charac- 
teristic points. The lines in this application are the 
runway boundaries, the glideslope lines and several distance 
indicating poles. The display is generated on a large screen 
cathode ray tube, using an analog line drawing scheme. The 
picture changes dynamically and is updated by a digital 
machine sixteen times per second, using the translational 
and rotational rates of change, resulting from the motion 
of the observer, 



The piloting task consisted of staying in level flight 
until intercept of the glideslope, then in tracking the 
glideslope to hover and in landing the aircraft with 
minimum impact velocity and maximum accuracy, The task was 
quite difficult, because of the lack of stability 
augmentation. 

Three classes of pilots of different experience have 
been examined and different control techniques have been 
observed with the regular set of instruments, They all 
performed equally well with the perspective glideslope 
indicating system. 

The value of the perspective glideslope indicating system 
has been shown in : 

1) the ease of performing coordinated maneuvers! 
allowing large but quite precise changes of the 
flight variables, 

2) the consistency of touchdowns, 
3 )  accuracy of tracking the glideslope, with dead beat 

4 )  the learning curvel and 
5) the effectiveness of the representation of the 

response, 

integrated real world outside picture. 
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P R E F A C E  

L.S.* 

In 'thesiologie'**, it is generally accepted that the 

quality of a thesis is the inverse of the quantity or volume. 

Indeed, ... but the exeeptions make the rule. 
The author's opinion is that it should be possible for a 

very interested and highly motivated person, with some 

familiarity of the material discussed in the thesis, to 

understand, to use and to repeat the work or the experiment 

described therein in a reasonable period of time. 

This means that the work should be fully documented with 

relevant material, which is the product of a personal effort, 

but not to the point of saturation nor repetition. Results 

should be in no way exaggerated,nor should numerous tables 

or plots be given, and the reader left to draw his own 

conclusions. 

This has been the underlying idea in preparing this 

thesis. The material has been divided in three self-contained 

volumes for easier handling of the material- Volume 1 is 
L 

written for the person interested in contact analog and 

electronic displays, as well as in their evaluation in 

landing applications. Volume 2 is written for the person 

interested in computer graphics, hybrid simulation and 

on-line data taking. Volume 3 is written for the person 

interested in real-time simulation, on-line data-processing, 

and computer programming in general. 

* L.S. (Latin : Lectori Salutem) : Hail to the reader 
**  Thesiologie (Greek : 9601s,thesis ; XGyor, study) 
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CHAPTER 1 

INTRODUCTION 

Science  and Technology know no rest. What w a s  a 

dream a decade ago i s  r e a l i t y  today. Y e t  i n  t h i s  rap id-  

l y  changing world of technology,problems s e e m  t o  b u i l d  

up as quick ly  as s o l u t i o n s  have been found fo r  others .  

The evo lu t ion  has come t o  the  p o i n t  t h a t  it i s  no longer  

acceptab le  t o  solve t h e  p r e s e n t  problems; one has t o  cope 

with t h e  problems of t h e  f u t u r e .  

A s imple look around us  makes us  w e l l  aware of t h e  

s i z e  and t h e  importance of some of these t echno log ica l  

problems t h a t  need a s o l u t i o n  as soon as poss ib l e .  One 

such area i s  a i r  t r a v e l .  T h e  p r e s e n t  t r a f f i c  volume has 

grown s o  f a s t  t h a t  a i r p o r t s  are now v i t a l  l i n k s  i n  t h e  

t r a d e ,  t h e  economic l i f e ,  and t h e  bus iness  and tourism of 

every na t ion .  T h e  s o l u t i o n  t o  t h e  problem is  not  s imple,  

e s p e c i a l l y  cons ider ing  t h e  i n c r e a s e  i n  volume i n  t h e  near  

f u t u r e  given t h e  p r e s e n t  l eve l  of a i r  t r a f f i c  congest ion,  

t h e  a r r i v a l  of t h e  jumbo a i r l i n e r ,  STOL a i rc raf t  and t h e  

SST, and t h e  requirement  f o r  a l l  weather ope ra t ions .  

Important  factors t h a t  p l ay  a r o l e  are: s a f e t y ,  economyp 
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and c o n t i n u i t y  of t h e  a i r  t r a v e l  s e r v i c e  fo r  t h e  passenger ,  

no i se  e l i m i n a t i o n  f o r  t h e  people  on t h e  ground. Se r ious  

e f f o r t s  i n  each d i s c i p l i n e  combined wi th  e f f i c i e n t  i n t e r -  

action between d i s c i p l i n e s  could r e s u l t  i n  s i g n i f i c a n t  

improvement. 

1 .a .  General  Area of  Study 

The work i n  t h e  a r e a  of d i s p l a y  in s t rumen ta t ion  can 

concen t r a t e  on many p o i n t s  of i n t e r e s t .  I n  p a r t i c u l a r ,  

it can look more deeply i n t o  (1) t h e  problems t h e  p i l o t s  

a r e  faced w i t h ,  such as: psychology, o p t i c a l  i l l u s i o n s  , 
v e r t i g o ,  in format ion  t r a n s f e r  rate,  informat ion  process-  

i n g  c a p a b i l i t y ,  o r  workload; ( 2 )  t h e  problems r e l a t e d  t o  

t h e  a i rcraf t :  convent iona l ,  V/STOL o r  h e l i c o p t e r ;  ( 3 )  prob- 

l e m s  r e l a t e d  t o  t h e  mission:  landing  o r  take-off  under 

var ious  angles  of t h e  f l i g h t  pa th ;  o r  (4) gene ra l  problems 

of nav iga t ion  and a i r  t r a f f i c  c o n t r o l .  Each of these 

e l emen t s  i s  r e f l e c t e d  i n  the  cockp i t  i n s t rumen ta t ion  i n  

some way. Furthermore, work i n  t h i s  area may r e s u l t  i n  

j u s t  another  d i s p l a y  among so many a l r eady  i n  e x i s t e n c e ;  

o r  t h e  work may concen t r a t e  and e v a l u a t e  d i f f e r e n t  systems. 

The product  of t h e  s t u d i e s  could a l s o  be a method f o r  

e v a l u a t i n g  d i s p l a y  in s t rumen ta t ion .  

The p r e s e n t  e f f o r t  has been aimed a t  looking i n t o  

s p e c i f i c  kinds of i n s t rumen ta t ion  f o r  STOL a i rcraf t  and 

c r i t e r i a  f o r  e v a l u a t i n g  them. An e l a b o r a t e  l i t e r a t u r e  i s  

a v a i l a b l e  on work done i n  t h i s  area. 
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A i r  t r a f f i c  has grown by f o u r  t i m e s  dur ing  t h e  p a s t  

t e n  y e a r s  ( 9 0 )  I and t h e r e  i s  s u f f i c i e n t  evidence t h a t  

domestic and i n t e r n a t i o n a l  t r a f f i c  w i l l  cont inue  t o  ex- 

pand a t  a rate which w i l l  f u r t h e r  double t he  volume every 

f i v e  o r  s i x  y e a r s  ( 9 0 ) .  The p r e s e n t  s i t u a t i o n  has  a l ready  

become such t h a t  e f f i c i e n c y  and economy are decreas ing .  

I n  t h e  Northeast  c o r r i d o r  t h e  l a r g e s t  volume of t r a f f i c  

i n  h i s t o r y  w a s  observed i n  1 9 6 9 ,  and Eas t e rn  A i r l i n e s  

i d e n t i f i e d  c l o s e  t o  $1 m i l l i o n  o f  non-productive f l y i n g  

c o s t s .  During t h e  same season ,  de l ay  t i m e s  a t  Kennedy 

Ai rpor t  reached an average of t h r e e  hour s ,  w h i l e  a i r p l a n e s  

g o t  i n  t h e  "wai t ing  l i n e "  f o r  take-of f .  T h i s  problem of 

conges t ion  i s  an i n d i c a t i o n  of t h e  p r e s e n t  l i m i t a t i o n s  of 

t h e  a i r c r a f t ,  t h e  a i r  t r a f f i c  c o n t r o l  system as w e l l  as 

of t h e  p i l o t  and in s t rumen ta t ion .  Challenges are many. 

T h e  VTOL A i r c r a f t  has been looked a t  as a p o s s i b l e  

s o l u t i o n  f o r  t h e  conges t ion  problem (201 ,  ( 9 3 )  and non- 

passenger  t r i a l  STOL ope ra t ions  have been conducted by 

Eas t e rn  A i r l i n e s  ( 6 ) .  Also,  a i r  t a x i  o p e r a t o r s  have been 

s u c c e s s f u l l y  o p e r a t i n g  e s s e n t i a l l y  STOL equipment f o r  a 

number of y e a r s .  Research has begun i n  t h e  technical area 

( 3 3 ) ,  (115), ( 1 2 3 )  and s t u d i e s  on economic f e a s i b i l i t y  f o r  

VTOL t r a n s p o r t a t i o n  are underway ( 1 1 2 ) ,  ( 1 2 8 )  e There i s  no 

doubt t h a t  t h e  workload of t h e  p i l o t  has  gone up s i g n i f i c a n t l y  

as modern a i r c r a f t  have come i n t o  s e r v i c e  ( 8 )  I ( 6 7 )  I ( 7 7 )  and 
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t h a t  t h e  ins t ruments  t h a t  are available t o  t h e  p i l o t  are 

ha rd ly  s u i t a b l e  f o r  t h e  t a s k  ( 1 6 4 ) .  Improvements of some 

of  t h e  in s t rumen t s  ( 5 ) ,  ( 6 6 )  may h e l p  somewhat, b u t  they  do 

n o t  t a k e  away t h e  burden of t h e  p i l o t ' s  t a s k .  

Continuous r e sea rch  i s  going on i n  t w o  d i r e c t i o n s :  

one i s  t h e  f u l l y  au tomat ic  landing ,  t h e  second one is  t h e  

e l e c t r o n i c  d i sp l ay  which s t i l l  leaves t h e  p i l o t  i n  t h e  con- 

t r o l  loop,  The f i r s t  s t u d i e s  and t h e  implementation of t h e  

automatic  landing  system r e s u l t e d  i n  a demonstrat ion on 

December 8 ,  1 9 6 4  (170) of  t h e  A l l  Weather Landing System 

of Lear S i e g l e r  Inc .  A t  about t h e  same t i m e ,  Sperry 

Gyroscope Inc .  w a s  s tudy ing  and t e s t i n g  on e l e c t r o n i c  d i s p l a y  

( 7 3 ) ,  (163) t o  use  as a guidance means f o r  a l l  weather  

ope ra t ions  ( 5 8 ) ,  ( 5 9 ) .  Although t h e  au tomat ic  landing  i s  

f a r  more a t t r a c t i v e ,  by f a r  more r e sea rch  has  been done on 

improved e l e c t r o n i c  d i s p l a y  systems (851, ( 1 4 6 )  , (155) e 

Not only  f o r  convent iona l  and f o r  V/STOL a i r c ra f t ,  b u t  also 

f o r  t h e  SST, t h e  e l e c t r o n i c  d i s p l a y  i s  t h e  approach t aken  

today ( 7 6 )  and many a spec t s  of t h i s  area are be ing  examined 

( 2 7 1 ,  ( 2 9 ) .  

New d i sp l ay  concepts  and new ideas  are set  f o r t h  and are 

be ing  t e s t e d  i n  an a t t empt  t o  s o l v e  t h e  p r e s e n t  day problems 

( 6 1 1 ,  ( 6 2 )  , ( 6 3 ) .  The gene ra l  approach i s  t o  use  t h e  com- 

p u t e r  t o  do t h e  " th ink ing"  work and t o  p r e s e n t  t h e  p i l o t  w i th  

a p i c t u r e  whatever i s  necessary t o  m e e t  requirements  on 

accuracy (143) and f e a s i b i l i t y  ( 1 2 0 )  and s imula t ions  are set  
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up t o  s tudy  t h e  p o t e n t i a l s  of  c o n t r o l  r e p r e s e n t a t i o n  on 

t h e  c o n t a c t  analog (139)  , (148) e 

A good and complete survey of e l e c t r o n i c  and o p t i c a l  

d i s p l a y s  f o r  a i r c r a f t  (80) is  a v a i l a b l e .  I t  p r e s e n t s  n o t  

only t h e  d i s p l a y s  c u r r e n t l y  be ing  i n v e s t i g a t e d ,  b u t  a l s o  

g ives  requirements and s t a n d a r d i z a t i o n  of t h e s e  d i s p l a y s  - 
Simulat ions have been done t o  v e r i f y  t h e s e  cons ide ra t ions  

( 9 2 ) ,  ( 8 2 ) ,  ( 7 2 )  as w e l l  as s t u d i e s  on t h e  handl ing qual-  

i t i e s  of t h e s e  d i f f i c u l t  t o  maneuver a i r c r a f t  ( 2 ) ,  (191, 

( 2 1 )  f (109). 

The g e n e r a l  consensus is that. an improved instrumenta-  

t i o n  i s  necessary i n  o r d e r  f o r  t h e  p i l o t  t o  adequately 

c o n t r o l  t h e  a i r c r a f t  ( 8 7 ) ,  ( 9 6 )  , (126)  and ground based 

s imula t ion  ( 9 4 ) ,  ( 1 0 2 ) ,  ( 1 1 4 ) ,  ( 1 2 9 )  as w e l l  as real  f l i g h t  

i n v e s t i g a t i o n s  ( 4 7 )  are a v a i l a b l e .  Seve ra l  d i sp l ay  concepts 

f o r  l and ing  have been examined. They can be c l a s s i f i e d  as: 

c o n t a c t  analog d i s p l a y  ( 3 7 )  , ( 4 5 ) ,  ( 4 6 1 ,  t h e  Heads-up d i s p l a y  

(103) I (134),  t h e  o p t i c a l  l anding  system ( 1 0 7 )  , t h e  p i c t o r i a l  

nav iga t ion  system ( 1 0 9 )  , (130)  , and t h e  v e r t i c a l  s i t u a t i o n  

d i s p l a y  ( 1 8 ) ,  ( 1 6 5 ) .  Severa l  examples a r e  shown i n  Fig.  36. 

Besides t h e  problem of conges t ion ,  t h e r e  i s  t h e  equa l ly  

p r e s s i n g  problem of a l l  weather  l and ing ,  which i s  t h e  major 

a e r o n a u t i c a l  cha l lenge  of  t h e  1 9 7 0 s  ( 8 4 ) .  Although t h e  

. minimums f o r  a i r c r a f t  l anding  have s t e a d i l y  gone down, and 

t h e  technology seems t o  be  promising f o r  b e t t e r ,  t h e  B r i t i s h  

do n o t  p l an  o p e r a t i o n a l  landings  of even 7 0 0 - f t .  v i s i b i l i t y  

f o r  some yea r s  ( 8 4 ) .  
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1.c. Objectives of the Thesis 

This thesis concentrates on the "display/pilot" 

interface to evaluate a perspective contact-analog display, 

It has been examined and compared with a conventional 

instrument panel to evaluate: 

1. The information available in the cockpit 

2. The information processing by the pilot 

3 ,  The decision and response from the pilot 

4 .  The flight response of the vehicle 

The system under investigation can be represented by 

Figure 1. The pilot's task is indicated in Figure 2, 

This pilot control loop has been looked at from the 

following viewpoints: 

1. Systems response 

2. Pilot performance which includes learning and fatigue 

3 .  Overall efficiency of display-pilot-vehicle 

A restriction on the general research area has been intro- 

duced by concentrating on the landing phase, It is the most 

difficult task of the flight and is the limit on the present 

air traffic (154), Of special interest is the study of the 

longitudinal motion, (planar case), since the lateral control 

is far easier than longitudinal control for manual as well as 

for automatic control ( 5 0 ) ,  in steep but not vertical approaches. 

This investigation examines: 

1. the information available in the perspective display 
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as w e l l  as t h e  informat ion  given by d i f f e r e n t  

elements (e .g .  i n t e n s i t y ,  g a i n ,  s i z e )  o r  o t h e r  

components (e.g. v e l o c i t y  v e c t o r )  

2 .  t h e  p i l o t  performance from t h e  p o i n t  of view of 

accuracy (e .g .  t r a c k i n g  i l l u s i o n s )  and l e a r n i n g  

( i . e .  f a m i l i a r i z a t i o n  w i t h  t h e  t a s k )  

3 .  t h e  p i l o t i n g  technique f o r  c o n t r o l l i n g  t h e  air- 

c r a f t  i n  d i f f e r e n t  phases 

I t  i s  be l i eved  t h a t  t h e  tendency i n  the d i s p l a y  des ign  

has  been t o  "improve" t h e  p i c t u r e  by adding more and more 

" a v a i l a b l e "  informat ion  w i t h  the  r e s u l t  of a c l u t t e r e d  

p r e s e n t a t i o n .  For t h a t  reason ,  t h e  d i s p l a y  and t h e  p i l o t  

have been looked a t  as a whole t o  improve the o v e r a l l  

sys  t e m s  response.  

1.d. J u s t i f i c a t i o n  of the  Work 

Experiments have been performed t o  g ive  answers t o  

t h e  fo l lowing  ques t ions  of b a s i c  i n t e r e s t :  

1. What should be d i sp layed  t o  the  p i l o t  t o  achieve 

a g iven  l e v e l  of performance i n  t h e  t a s k  of landing 

a VTOL? 

2 .  How b i g  a s t e p  can be made us ing  a d i sp l ay  of t h i s  

type ,  i n  the  d i r e c t i o n  of a safe zero-zero v i s i b i l -  

i t y  landing? The ICAes tanda rds  are given i n  

T a b l e  1. 
*ICAO : I n t e r n a t i o n a l  C i v i l  Avia t ion  Organizat ion 
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3 .  

4. 

5. 

What are t h e  k inds  of g l i d e s l o p e s  t h a t  t he  

" p i l o t - v e h i c l e "  w i l l  be a b l e  t o  handle  w i t h  t h e  

V/STOL a i r c r a f t ?  

How much can approach procedures  be  modified,  u s ing  

t h e  better d i s p l a y s ?  

What may be t h e  impact of  improved d i s p l a y s  on 

related problems such as a i r c r a f t  n o i s e ,  e tc?  

Each of these p o i n t s  w i l l  be desc r ibed  b r i e f l y  t o  

i n d i c a t e  i t s  importance i n  t h e  examination and t o  b e t t e r  under- 

s t and  t h e  methods used t o  q u a n t i f y  t h e s e  parameters .  

TABLE 1: ICAO Low-vis ib i l i ty  Landing I L S  Categor ies  ( R e f .  8 4 )  

I 

Category Runway v i s u a l  
Range (RVR) 

f t  
I 

I I A  

' I I B  

I I I A  

I I I B  

I I I C  

2400  

1600 

1200 

700 

150 

0 

Decision 
Height (DH) 

f t  
200  

150 

1 0 0  

- 

- 

1. Information Avai lab le  i n  Cockpit  

T o  be a b l e  t o  adequately c o n t r o l  the  a i r c r a f t ,  the p i l o t  

needs t h e  fol lowing informat ion:  

a .  a t t i t u d e :  r o l l ,  p i t c h ,  heading 

b e  speed: a i r s p e e d ,  v e r t i c a l  speed,  ground speed 

c e guidance: g l i d e s l o p e  d e v i a t i o n ,  course  d e v i a t i o n  

-10.. range,  h e i g h t  



H e  scans  h i s  i n s t rumen t s ,  one a t  a t i m e ,  t o  ge t  t h e  neces- 

s a r y  informat ion  on t h e  p o s i t i o n  and a t t i t u d e  of t h e  a i r -  

c ra f t .  H e  w i l l  l e a r n  t o  develop a scan  p a t t e r n ,  and t o  

d i s t i n g u i s h  t h e  prime ins t ruments  from the  secondary 

ins t ruments  which may be  dependent on t h e  mission o r  t h e  

phase i n  t h i s  mission.  H e  l e a r n s  t o  g i v e  t h e  l ead ing  

ins t ruments  p r i o r i t y  t o  e l i m i n a t e  c o n t r o l  of  h i s  own 

remnant, e .g .  he w i l l  watch t h e  a r t i f i c i a l  horizon c a r e f u l l y  

t o  d e r i v e  t h e  ra te  of s i n k ,  and he  uses t h i s  v a r i a b l e  t o  

c o n t r o l  t h e  a l t i t u d e  of the  a i r c r a f t .  

2 .  Information Process ing  

Using t h e  informat ion  the  p i l o t  g e t s  from the  i n s t r u -  

ments he d e r i v e s  t h e  motion of  t h e  a i rcraf t .  I n  most cases, 

t h i s  " p i c t u r e "  of w h a t  i s  going on i s  der ived  moment by 

moment and t h e  t a s k  i s  more o r  less easy s i n c e  " i n t e g r a t i o n  

of t h e  p i c t u r e "  i s  no t  too hard.  H e  t ends  t o  ignore  

extraneous or misleading information such as t h e  motion 

cues i n  a b i g  a i r l i n e r .  H e  rather r e l y s  upon t h e  t r u t h f u l  

v i s u a l  information.  A t  t i m e s  though , he  may ge t  d i s o r i e n t e d  

i n  which case t h e  i n t e g r a t e d  p i c t u r e  " g e t s  l o s t "  and h e  

needs t o  " r e i n i t i a l i z e "  t h e  p i c t u r e  of w h a t  i s  happening. 

T h i s  he does by i n t e r p r e t i n g  each ins t rument  s e p a r a t e l y  and 

then combines t h i s  in format ion  t o  " g e t  t h e  p i c t u r e "  again.  

One can r e a d i l y  see what  t h e  hazards are i n  t h i s  type  of 

information process ing  and r e i n i t i a l i z a t i o n .  
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- misreading d i a l s  f o r  va r ious  r easons ,  

- o s c i l l a t i n g  needles  p reven t ing  reasonable  r eadou t ,  

- unawareness of t h e  cond i t ions  of some v a r i a b l e s  

(h igh  s i n k  ra te ,  o r  d i s t a n c e  t o  go) , 
- no i n d i c a t i o n  of t h e  v a r i a b l e s  or meters which 

t r i g g e r e d  an emergency s i t u a t i o n ,  

- d i f f i c u l t y  i n  e s t a b l i s h i n g  t h e  effect  of a c o n t r o l  

change. 

T h e  whole p rocess ,  fur thermore ,  involves  q u i t e  a b i t  of 

s k i l l ,  an i n t e n s i v e  t r a i n i n g ,  and can be very f a t i g u i n g  

f o r  t h e  p i l o t  i n  t h e  modern a i r c r a f t .  

3 .  Decision and Act ion 

Based on t h e  p i c t u r e  of motion of t h e  a i r c r a f t  and t ak ing  

i n t o  account  t h e  desired p a t h ,  he w i l l  make dec i s ions  t o  

take a c t i o n  and he w i l l  s e t  t h e  c o n t r o l s  accord ingly .  Again 

t h i s  a c t i o n  t akes  t r a i n i n g  and f a m i l i a r i z a t i o n  t o  use the  

proper  c o n t r o l  s e t t i n g s  f o r  each p a r t i c u l a r  a i rcraf t .  There 

i s  no t  a unique correspondence between ins t ruments  and con- 

t r o l s ,  b u t  rather a vary ing  cross-coupl ing between c o n t r o l s  

and ins t ruments .  Moreover, t h e  informat ion  t h e  p i l o t  d e r i v e s  

from t h e  ins t ruments  i s  a s t a t u s  informat ion  f o r  each of t h e  

v a r i a b l e s  involved.  H e  w i l l  t r y  t o  guess t h e  new s i t u a t i o n s  

us ing  w h a t  he may g e t  from moving i n d i c a t o r s  and, i n  a way, 

he w i l l  t r y  t o  a n t i c i p a t e  t h e  s i t u a t i o n ,  where s i z a b l e  

changes i n  t h e  c o n t r o l  could b r i n g  a long  d r a s t i c  changes 
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i n  a t t i t u d e  and p o s i t i o n .  F i n a l l y  there are the o p e r a t o r  

de l ays  involved i n  t h e  informat ion  p rocess ing  as w e l l  as 

t h e  l a g s  i n  t h e  ins t ruments  and t h e  system as a whole. 

4 .  F l i g h t  Response of  t h e  Vehicle  

The u l t i m a t e  goa l  when f l y i n g  an a i r c r a f t  i s  t o  a 

accomplish t h e  mission as w e l l  as p o s s i b l e :  e.g.  an optimum 

pa th  (minimum f u e l ,  minimum n o i s e ,  maximum s a f e t y ) ;  an 

accu ra t e  descen t  (minimum d e v i a t i o n  f o r  maximum a i r  t r a f f i c  

d e n s i t y ) ;  o r  a smooth landing  (minimum touch down speed,  

maximum accuracy on touchdown). The c o n d i t i o n s ,  however, 

can be very much d i f f e r e n t ,  e .g .  t h e  type  of a i rc raf t ,  e tc . ,  

(V/STOL, h e l i c o p t e r ) ,  t h e  g l i d e p a t h  ( 3 '  o r  9 "  o r  even 1 5 O ) ,  

the  landing  s p o t  (runway, carr ier ,  b u i l d i n g ) ,  or t h e  

weather (cross-wind, fog ,  z e r o - v i s i b i l i t y ) .  The _I_ t a s k  

i t s e l f  may change, depending on t h e  f l i g h t  mode, e.g.  

c r u i s e ,  t r a n s i t i o n  o r  hover.  

From what  has been descr ibed  above, it i s  obvious t h a t  

t h e  system " d i s p l a y - p i l o t "  i s  a complex u n i t  i n  t h e  c o n t r o l  

loop of t h e  a i rcraf t .  I t  i s  n o t  p o s s i b l e  t o  d e s c r i b e  i t  

i n  t e r m s  of modern c o n t r o l  h o w  i t  acts under a l l  circum- 

s t a n c e s ,  nor  does it lend i tself  i n  an easy fash ion  t o  a 

complete s tudy .  Many s t u d i e s  have been concen t r a t ing  on 

s i n g l e  a spec t s  of p g r t s  of t h e  system and some p o s i t i v e  

conclusions have been shown g iv ing  t h e  p ros  and cons of 

the  changes i n  t h e  system t h a t  w a s  i n v e s t i g a t e d .  The  
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convent ional  method of d i s p l a y i n g  t h e  informat ion  t o  

t h e  p i l o t  by means of ins t ruments  has  been used and has  

been compared wi th  a c o n f i g u r a t i o n  i n  which it was thought  

he had only  t o  be t h e  d e c i s i o n  maker. I n  h i s  a c t i o n  t h e  

p i l o t  i s  s t i l l  able t o  c o n t r o l  i n  an adap t ive  f a sh ion ,  o r  

i n  a manner which can d e v i a t e  s e v e r e l y  from t h e  norm. Y e t ,  

t h e  maneuver can be done s a f e l y  wi thou t  t a k i n g  any chances. 

I t  i s  o f t e n  argued t h a t  t h e  only way t h e  a i r c r a f t  

c o n t r o l  problem can be  so lved  i s  by implementing an  auto- 

m a t i c  c o n t r o l  system. However, t h e r e  a r e  s t i l l  many tech-  

n i c a l  o b s t a c l e s  t o  overcomeo (131)  and even i n  t h e  event  

t h a t  t h e  automatic  system i s  used,  t h e r e  is  s t i l l  t h e  prob- 

l e m  of d e f i n i n g  a backup i n  t h e  case of  f a i l u r e .  For m o r e  

advanced a i r c r a f t  and less t r a i n e d  o r  less experienced 

p i l o t s ,  it w i l l  be necessary t o  have even better d i s p l a y s  

i n  case  t h e  p i l o t  needs t o  t ake  over .  T h i s  sugges ts  

cont inuing  research i n  t h i s  d i r e c t i o n .  

l e e e  Resul t s  of Thes i s  Research 

T h e  experiment has  examined a p e r s p e c t i v e  d i s p l a y  i n  

connection w i t h  a V T O L - a i r c r a f t  of t h e  t i l t - e n g i n e  type , 
and t h e  d i s p l a y  has been eva lua ted .  The s imula ted  a i r c r a f t  

has been flown f r o m  c r u i s e  a l t i t u d e  t o  touchdown wi th  seve re  

wind d i s t u r b a n c e s ,  descending a long  g l i d e s l o p e s  of 45O, 8.8O 

and 17.3O. D i s t i n c t  c o n t r o l  techniques have been observed 

among three c l a s s e s  of p i l o t s  of d i f f e r e n t  exper ience .  The 
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value  of  t h e  p e r s p e c t i v e  g l i d e s l o p e  d i s p l a y  has  been 

shown: 

1) 

2 )  

3 )  

4) 

5) 

The s a m e  

i n  t h e  ease of performing coord ina ted  maneuvers 

a l lowing l a r g e  b u t  q u i t e  p r e c i s e  changes of t h e  

f l i g h t  v a r i a b l e s .  

i n  t h e  cons is tency  of t h e  touchdowns: t h e  s t anda rd  

d e v i a t i o n  i s  much smaller, wi th  t h e  d i s p l a y  than i s  

t h e  case wi th  t h e  convent ional  ins t ruments  a 

i n  t h e  accuracy of t r a c k i n g  t h e  g l i d e s l o p e  wi th  

dead beat response.  

i n  t h e  l e a r n i n g  curve: t h e  l e a r n i n g  t i m e  has almost 

been e l imina ted .  

i n  t h e  e f f e c t i v e n e s s  of t h e  r e p r e s e n t a t i o n  of t h e  

i n t e g r a t e d  real  world o u t s i d e  p i c t u r e .  

d i s p l a y  format wi th  s l i g h t  modi f ica t ions  can be 

extremely u s e f u l  f o r  q u i t e  a few a p p l i c a t i o n s  inc lud ing  

c r u i s e  and take-of f .  

-15- 



CHAPTER 2 

EXPERIMENTAL SETUP - PROCEDURES 

2 . a .  Experimental  Design 

I n  o r d e r  t o  b e s t  achieve t h e  o b j e c t i v e s  s e t  down for 

t h i s  s tudy ,  c a r e f u l  a t t e n t i o n  has  been given t o  t h e  pre- 

p a r a t i o n  and des ign  of t h e  experiment.  To o b t a i n  as much 

informat ion  as p o s s i b l e ,  t h e  experiment has been organized 

i n  a development phase,  where pre l iminary  r e s u l t s  have 

been used t o  se t  up a wel l -def ined  experiment p l a n ,  and i n  

the a c t u a l  experiment phase. ( T h e  l a t t e r  included a t r a i n -  

i n g  phase where p i l o t s  could work up t o  s t eady  s ta te  

performance.) T h e  t a s k  was t o  land  t h e  s imula ted  VTOL 

a i r c r a f t ,  and only t h e  l o n g i t u d i n a l  c o n t r o l  w a s  considered. 

1. The types of i n s t rumen ta t ion  examined f o r  comparison 

are given i n  t h e  t a b l e .  

TABLE 2:  Types of Display Ins t rumen ta t ion  

I.  Conventional a i r c r a f t  ins t ruments .  

I1 0 Conventional a i r c r a f t  ins t ruments  augmented 

w i t h  a f l i g h t  p r o f i l e  view. 

I11 e P e r s p e c t i v e  g l i d e s l o p e  d i sp lay .  

I V  e P e r s p e c t i v e  g l i d e s l o p e  d i s p l a y ,  modified t o  

m e e t  p i l o t ' s  requirements 
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The f i r s t  cond i t ion  i s  one i n  which only t h e  usua l  

s e t  of ins t ruments  i s  a v a i l a b l e .  A p i c t u r e  of  t h e  cock- 

p i t  i s  shown i n  F igure  3 .  The p i l o t  knew t h e  magnitude of 

t h e  v a r i a b l e s  wi th  t h e  i n d i c a t i o n  of t h e  scales. They w e r e ,  

however, n o t  provided wi th  t h e  convent ional  d i a l  format 

u n i t s .  This  allowed us t o  look i n t o  t h e  problem o f  l ea rn -  

ing .  

For t h e  second c o n d i t i o n ,  as a s t anda rd  measure for  

performance, t-he r e g u l a r  s e t  of ins t ruments  w a s  used i n  

connection wi th  an X-Y p l o t t e r  d i s p l a y  showing t h e  f l i g h t  

pa th .  

The l a t t e r  ins t rument  w a s  used t o  provide  a d d i t i o n a l  

in format ion ,  such as d i s t a n c e  t o  go, p rov i s ion  f o r  duck- 

under,  e tc .  

The t h i r d  cond i t ion  i s  t h e  one i n  which t h e  p i l o t  

only has  t h e  pe r spec t ive  g l i d e s l o p e  d i s p l a y ,  wi th  one s i n g l e  

added instrument:  t h e  ground speed i n d i c a t o r .  This i n s t r u -  

ment allowed him t o  see i f  he was s t i l l  going forward, 

because t h i s  i s  t h e  m o s t  d i f f i c u l t  cue t o  p i ck  up. This 

ins t rument  w a s  t o  some e x t e n t  necessary because t h e  simula- 

t i o n  a i r c r a f t  dynamics had been set  up so t h a t  p i t c h  c o n t r o l  

r e v e r s a l  occurred whi le  going backward. T h i s  shortcoming 

could n o t  be taken o u t  due t o  lack  of memory space f o r  more 

e l a b o r a t e  programming i n  t h e  s imula t ion  p a r t .  The desc r ip -  

t i o n  of  t h e  d i s p l a y  i s  given i n  a s e p a r a t e  chapter .  
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Fig .  3 .  The Instrument  Panel of t h e  Fixed B a s e @  Simulator ,  

Fig.  4 .  The Instrument  Panel  of t h e  GAT s imula to r  t r a i n e r .  
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The f o u r t h  cond i t ion  i s  one i n  which t h e  d i s p l a y  w a s  

a l t e r e d  t o  g e t  t h e  d e s i r e d  cues which h e l p  improve t h e  f l i g h t  

a t  va r ious  stages. The modi f ica t ion  and i t s  e f f e c t s  are 

desc r ibed  wi th  t h e  r e s u l t s .  These modi f ica t ions  w e r e  

suggested by t h e  p i l o t s .  

2 .  To  t e s t  t h e  popula t ion  of p i l o t s ,  t h r e e  classes 

of p i  l o t s  have been examined. 

- w e l l  t r a i n e d  and h igh ly  s k i l l e d  p i l o t s  

- p i l o t s  w i th  l i m i t e d  exper ience  

- inexperienced subjects 

Their  q u a l i f i c a t i o n s  are given i n  t h e  s e c t i o n  on p i l o t s .  

3 .  The o r d e r  i n  which t h e  type  of  d i s p l a y s  have been 

examined i s  from I t o  I V  i n  Table 2 .  The o r6e r  i n  which 

t h e  p i l o t s  have been examined i s  from inexperienced t o  

h ighly  s k i l l e d  p i l o t s  f o r  each cond i t ion .  This allowed 

t h e  p o s s i b i l i t y  of checking minor d i f f i c u l t i e s  i n  t h e  se t  - 
up wi thou t  s e r i o u s l y  a f f e c t i n g  t h e  t r a i n i n g  or  performance 

of any class of p i l o t s .  

4 .  T o  t es t  t h e  i n f l u e n c e  Q f  one d i s p l a y  cond i t ion  

upon t h e  o t h e r ,  another  se t  o f  t h r e e  p i l o t s  went through 

t h e  series of f o u r  types of d i s p l a y  information i n  j u s t  t h e  

oppos i t e  o rde r .  The e f f e c t s  are given i n  t h e  d i scuss ion  of 

t h e  r e s u l t s .  
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5. D i f f e r e n t  g l i d e s l o p e  angle  cond i t ions  w e r e  examined 

t o  g e t  an idea of the d i f f i c u l t y  of c o n t r o l .  Among t h e  

p o s s i b l e  s i t u a t i o n s  I the  fo l lowing  w e r e  s e l e c t e d :  

shallow ( 4 . 4 7 O ) ,  medium (8.87O) and a s t e e p  g l i d e s l o p e  

(17 .3O) .  These numbers correspond t o  i n i t i a l  a l t i t u d e s  of 

6,250 f t . ,  1 2 , 5 0 0  f t . ,  and 25,000 f t , ,  r e s p e c t i v e l y  f o r  

t h e  g l i d e  (Fig.  11) e These numbers were chosen fo r  conven- 

i ence  i n  t h e  programming i n  t h e  e a r l y  s t a g e s .  

2 .b .  Experimental  Apparatus 

The main p o i n t  of i n t e r e s t  w a s  t o  examine the  p r e s e n t l y  

e x i s t i n g  methods of in s t rumen ta t ion  and compare t h i s  w i t h  

a contact-analog d i s p l a y .  The var ious  k inds  of d i s p l a y  

ins t rumenta t ion  have been examined i n  a f ixed-base s imula to r .  

1. The 

a.  

b. 

C. 

d.  

e .  

f .  

convent iona l  ins t ruments  used 

a r t i f i c i a l  h o r i  zon 

g l i d e s l o p e  i n d i c a t o r  

ground speed i n d i c a t o r  

v e r t i c a l  speed i n d i c a t o r  

angle  of  a t t a c k  i n d i c a t o r  

al t imeter 

are (F ig ,  3 ) :  

lrre arrangement i s  s i m i l a r  t o  a f l i g h t  t ra ,ner  s e t  up (F ig .  4 ) .  

2 .  The c o n t r o l s  a v a i l a b l e  " t o  f l y "  the  s imula to r  

(F ig .  5) w i t h  three degrees  of freedom ( l o n g i t u d i n a l  p l a n e ) :  
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Fig. 5 .  The Controls i n  the Fixed Base Simulator. 
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a. t h r o t t l e  s e t t i n g  

b.  engine tilt angle  s e t t i n g  

c. e l e v a t o r  c o n t r o l  ( p i t c h )  

For t h e  s i x  degrees  of  freedom motion w 

t h e  fol lowing c o n t r o l s  w e r e  added: 

d. a i l e r o n  c o n t r o l  ( r o l l )  

e. rudder c o n t r o l  (yaw) 

t h  t h e  d i s p l a y ,  

3. The c o n t a c t  analog d i s p l a y  has been presented  on 

a l a r g e  sc reen  o s c i l l o s c o p e ,  mounted i n  t h e  same s imula to r .  

The o t h e r  ins t ruments  w e r e  n o t  ope ra t ing .  

4 .  The f l i g h t  p r o f i l e  has been recorded on an X-Y 

p l o t t e r  and t h e  s a m e  ins t rument  w a s  a v a i l a b l e  i n  t h e  

fixed-base s imula to r  f o r  t h e  cond i t ion  I1 of Table 2 .  

5.  T i m e  h i s t o r i e s  of t h e  f l i g h t  v a r i a b l e s  have been 

recorded on a s t r i p  c h a r t  r eco rde r .  This w a s  a means t o  

e s t a b l i s h  malfunction of  equipment o r  loss of c o n t r o l  of 

t h e  p i l o t .  F igure  6 shows t h e  c h a r t  record ing  equipment. 

6 .  A s i g n a l ,  r ep resen t ing  wind d i s tu rbance ,  w a s  pre-  

recorded on an FM-tape r eco rde r .  The s i g n a l  i s  a sum of 

twenty s i n e s  and t h e  amplitude spectrum i s  a s imple s t a i r -  

case :  1 v o l t  - 0 . 1  v o l t .  The peak va lue  of t h e  s i g n a l  

i s  4 v o l t s  and corresponds t o  50 f t . / s e c .  wind v e l o c i t y .  

Details on t h e  s i g n a l  are given i n  Volume 3. 

7 .  The computing f a c i l i t y  i s  a hybr id  system c o n s i s t -  

i n g  of a PDP-8 (F ig .  7 )  and a GPS-290T (Fig .  8 ) .  The 
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T RECORDER X-Y PLOTTER 

DATA TAPES OSCl LLOSCOPE 

Fig.  6, The Experimenter ' s  S t a t i o n ,  showing t h e  s t r i p  c h a r t  
r eco rde r ,  t h e  X-Y p l o t t e r  and t h e  dua l  beam o s c i l l o s c o p e  
f o r  monitor ing t h e  experiment.  
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Fig.  7 .  The PDP-8 : d i g i t a l  p o r t i o n  of t h e  hybrid s y s t e m .  

F i g .  8.  The GPS-290T : analog p o r t i o n  of t h e  hybr id  system. 
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organ iza t ion  of  t h e  experiment i s  shown i n  Figure 9 .  

2 .  c Methods of Examination 

To make t h e  t a s k  more d i f f i c u l t  and cha l lenging ,  t h e  

d i s tu rbance  i s  app l i ed  as a wind (random v a r i a b l e )  blowing 

up and down (perpendicular  t o  t h e  h o r i z o n t a l  p o r t i o n  of 

t h e  f l i g h t  pa th )  t o  make t h e  s imula ted  a i r c r a f t  d e v i a t e  

from t h e  d e s i r e d  pa th .  The wind i s  r a t h e r  r e a l i s t i c .  

I t s  high i n p u t  power w a s  necessary f o r  a be t t e r  a n a l y s i s  

( 5 0  f t . / s e c .  peak va lue)  t o  create e r r o r s  s u f f i c i e n t l y  

l a r g e  t o  v a l i d a t e  t h e  d e s c r i b i n g  func t ion  c a l c u l a t i o n s .  

1. The important  parameters dur ing  f l i g h t  t h a t  w e r e  

a v a i l a b l e  t o  t h e  p i l o t  t o  look a t , a r e  : 

a.  a r t i f i c i a l  horizon 

b .  angle  of a t t a c k  

c. ins t rument  s e n s i t i v i t y  

d. f l i g h t  pa th  as seen  from t h e  s i d e  

e ,  a l t imeter  

I n  a d d i t i o n  t o  t h i s  s e t  05 i n s t rumen t s ,  t h e  fol lowing 

parameters f o r  d i s p l a y  w e r e  examined: 

a. p o s s i b i l i t y  of e s t ima t ing  t h e  range t o  go 

b.  p o s s i b i l i t y  of e s t i m a t i n g  t h e  proximity of t h e  ground 

c. p o s s i b i l i t y  of e s t i m a t i n g  t h e  s i n k  ra te  

2 .  The P i l o t  Performance 

The p i l o t  performance i s  measured from t h e  viewpoint 

of a b i l i t y  t o  t r a c k  t h e  g l i d e s l o p e  wi th  minimum e r r o r ,  and 
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from t h e  viewpoint of touchdown performance: (minimum 

impact v e l o c i t y ,  maximum touchdown accuracy and reason- 

able groundspeed) @ 

A l l  f i g u r e s ,  i . e .  t r a c k i n g  e r r o r ,  touchdown e r r o r ,  

impact v e l o c i t y ,  are weighted and added up i n  a score 

f a c t o r ,  which decreases  f o r  improving performance. The 

s c o r e  f a c t o r  i s  p l o t t e d  as h i s t o r y  of  t h e  number of t r i a l s  

and t h i s  p l o t  i s  analyzed. A smooth and continuous curve ,  

f i t t e d  through t h e  data p o i n t s  has  t h e  fol lowing d i s t i n c t  

f e a t u r e s :  

a. s t eady  s ta te  level 

A f t e r  several t r ia l s ,  t h e  p i l o t  reaches a p l a t e a u  

i n  h i s  performance. The lower t h e  score f ac to r ,  

t h e  more e f f e c t i v e  t h e  system " d i s p l a y - p i l o t "  i s .  

b.  t r a i n i n g  

During t h e  i n i t i a l  s t a g e ,  t h e  p i l o t  becomes b e t t e r  

and b e t t e r  i n  t h e  t a s k .  The improvement observed 

i n  h i s  l e a r n i n g  curve i s  t h e  amount due t o  t r a i n i n g .  

The t i m e  f r o v  f i r s t  c o n t a c t  wi th  t h e  system t o  reach 

t h e  s t eady  s t a t e  (+5%) w i l l  be c a l l e d  t h e  l e a r n i n g  

t i m e  and i s  p ropor t iona l  t o  t h e  t i m e  cons t an t  of 

- 

t h e  l e a r n i n g  curve (approximating, t h e  l ea rn ing  

curve as an e x p o n e n t i a l ) .  

c. f a t i g u e  

I t  i s  q u i t e  understandable  t h a t  a f t e r  some t i m e  t h e  

p i l o t  has  reached h i s  optimum, and t h u s  h i s  pe r fo r -  

mance w i l l  d e t e r i o r a t e  g radua l ly  with repeated 

t r i a l s  f o r  t h e  same experiment. This d e t e r i o r a t i o n  
-27-  



is due to fatigue, physically or mentally, and is 

observed in longer reaction times, decreasing 

alertness, etc. 

3 .  The Piloting Technique 

The overall system was studied from the frequency 

response point of view, with conventional methods using the 

frequency domain, root locusplot and describing-function 

theory. The quasi-linear describing function for the pilot 

was evaluated for each of the different conditions, and a 

general idea is obtained on how well the pilot was able to 

stabilize the system, i.e. how much "lead" he generates in 

this underdamped system. 

A l l  of this information was compiled for the different 

classes of pilots, for each of the glideslopes and for the 

different display conditions. The information obtained 

from the experiments is summarized by the following items: 

a. the touchdown consistency (mea.n and variance of 

touchdown range and speed) 

b. the tracking ability (the integrated weighted 

glideslope error) 

c. the learning curve 

d. the pilot's ability for lead generation 

A special note regarding the pilot opinion and the Cooper 

rating is given in Chapter 5. 
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Fig.  1 0 .  The o u t p u t  devices  i n  t h e  experimental  s e t -up  : 

t h e  t e l e t y p e w r i t e r  and t w o  DEC-tape d r i v e s .  
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2.d. Measurements 

Data was measured on-line during the experiment. Data 

for the performance measurement was collected at a rate of 

16 samples per second. This yielded the tracking score. 

At the end of each run these d.ata were printed by the tele- 

typewriter (Fig. 10). In addition to the tracking score, 

the touchdown performance was printed out. During this 

operation, the subject could rest. These figures were told 

to the pilot, and they were also used to look for a steady 

state level of performance. 

Data for studies of the describing function were col- 

lected at a rate of 8 samples per second. They were first 

stored in a memory data buffer. When the data buffer was 

full, it was recorded on magnetic DECtape, while another 

data buffer was being filled. When the latter was full, 

the roles of the buffers were switched again. The data 

stored on magnetic DECtape were later used for data reduction. 

A description of the methods and the operation of the 

program is given in Volume 3 .  

2.e. Experimental Procedure 

1. The task of the pilot in the experiment was to start 

from an initial altitude (hi) and fly the V/STOL aircraft 

(tilt-engine) level for a first period (10,000 ft). The 

next period (80,000 ft) is the qlide along the prescribed 

glideslope. Near the end of this period, the pilot executed 
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a transition and finally qot to touchdown, hopefully with 

maximum touchdown accuracy and minimum touchdown velocity. 

2. At the beginninq of the experiment, the inexper- 

ienced pilots got about five familiarization runs, the 

medium trained pilots got three, and the well-trained pilots 

none. After the familiarization runs, data were collected. 

For the first three runs (two for the well-trained pilots) 

no disturbance was applied. The average of the scores 

obtained in these runs was an indication of their perfor- 

mance ability. After the'se initial data runs, the wind 

disturbance was applied to the system. The gain w a s  differ- 

ent for each category: k = 1 for the trained pilots, k = .6 

for the medium trained and k = . 3  for the inexperienced 

pilots. The length of these sessions lasted until a steady 

state performance was noticed and was stopped when fatigue 

was observed. 

3. Whenever equipment malfunctioning was observed, 

the run was aborted and the subject was informed about the 

malfunction. The data collected were disregarded and 

the next experiment was entered with the trial number of 

the aborted run. 
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2 . f .  P i l o t s  

To t e s t  t h e  popula t ion  of t h e  p i l o t s ,  t h r e e  d i s t i n c t  

c a t e g o r i e s  of people have been used i n  t h e  experiments:  

a. Subjec ts  ( 3 )  w h o  w e r e  a b l e  t o  c o n t r o l  dynamics of 

var ious  o r d e r ,  b u t  d i d  n o t  have any previous p i l o t -  

i n g  experience ( n e i t h e r  s imula to r  nor rea l  a i r c r a f t )  * 

b. P i l o t s  ( 2 )  who had experience f l y i n g  a p r i v a t e  

a i r p l a n e .  They logged r e s p e c t i v e l y  50 and 200 

hours of f l y i n g  t i m e  and they have been exposed t o  

s imula to r s .  

c. P i l o t s  (3 )  who although f u l l - t i m e  s t u d e n t s  a t  M.I.T,, 

while  p a r t i c i p a t i n g  i n  t h e  experiment,  w e r e  w e l l  

s p e c i a l i z e d .  A l l  had ins t rument  r a t i n g s ,  and two 

had accumulated more than 2 , 0 0 0  hours  each and had 

flown j e t  a i r c r a f t .  One had a h e l i c o p t e r  r a t i n g .  

Both had extens’ive exper ience  i n  fixed-base s imula to r s .  

The t h i r d ,  a female, w i th  300 hours  had never  been 

exposed t o  sim.ulators,  b u t  a t  t h e  t i m e  of t h e  exper- 

iment,  w a s  r e g u l a r l y  f l y i n g  s e v e r a l  hours a week and 

d i d  a e r o b a t i c s .  She w a s  a b l e  t o  do s o  w i t h  t h e  

s imula to r ,  too!  

The p i l o t s  w e r e  b r i e f e d  on t h e  o v e r a l l  research program, b u t  

t h e  c r i t e r i a  used w e r e  no t  explained i n  detail .  T h i s  would 

otherwise have a f f e c t e d  t h e i r  s t r a t e g y .  Thei r  comments were 

w r i t t e n  down and sugges t ions  f o r  improvements of  t h e  s e t u p  

wi th  r e s p e c t  t o  i n t e r p r e t a t i o n  and understanding w e r e  imple- 

mented as soon as  it could be done. 
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CHAPTER 3 

THE PERSPECTIVE GLIDESLOPE I N D I C A T I N G  SYSTEM 

3.a. The Display Concept 

The c l u e  f o r  t h e  c o n t a c t  analog d i sp lay  i s  t h e  

" i n t e g r a t e d  p i c t u r e "  of t h e  motion of t h e  a i r c r a f t  with 

r e s p e c t  t o  t h e  rea l  o u t s i d e  world.  This s i t u a t i o n  i s  v i s u a l l y  

f a r  m o r e  compelling, f o r  example, than  an i n t e g r a t e d  d i s p l a y  

where a l l  in format ion  i s  simply p u t  t o g e t h e r  on one screen .  

The contact  analog d i s p l a y  can d i f f e r  considerably depending 

on t h e  p i c t o r i a l i s m  t h a t  i s  added i n  t h e  p i c t u r e ,  although 

it i s  s t r i c t l y  speaking n o t  necessary.  Contact analog 

d i s p l a y s  s e v e r e l y  l ack  q u a n t i t a t i v e  informat ion ,  however 

(Ref. 8 0 ) .  

The p r e s e n t  p e r s p e c t i v e  d i s p l a y  i s  composed only of 

s t r a i g h t  l i n e s .  I t  i s  a "skeleton-type" d i s p l a y  and it i s  

t h e  view one would g e t  through t h e  windshield of t h e  a i r -  

c r a f t  i f  t h e r e  w e r e  indeed a g l i d e s l o p e  "roadway i n  the  sky." 

A s k e t c h ,  n o t  t o  scale ,  i s  given i n  F igure  1 2  and i s  t h e  

view one g e t s  a t  t h e  s t a r t  of t h e  s imula t ion .  The p i c t u r e  

i s  symmetrical  when f l y i n g  o n l y  i n  one p lane  and has, a t  

t h e  f a r  end, t h e  t w o  p a r a l l e l  runway l i n e s .  The t h e o r e t i c a l  

i n t e r s e c t i o n  of t h e s e  two l i n e s  ( 1 , 2 )  i s  t h e  hor izon .  The 

two v e r t i c a l  po les  ( 3 , 4 )  a r e  s e t  a t  2 0 , 0 0 0  f t .  from t h e  

runway th re sho ld  and are a n  a i d  i n  i n d i c a t i n g  t h e  beginning 
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of t h e  t r a n s i t i o n  i n  t h e  f l i g h t .  The t w o  n e a r e s t  po les  

( 5 , 6 )  are s e t  a t  t h e  becrinning of t h e  g l idepa th .  The 

g l ides lope  i t s e l f  i s  given by the  l i n e s  ( 7 , 8 )  which i n t e r -  

sec t  t h e  ground p lane  a t  t h e  runway threshold .  For t h e  

f i r s t  p a r t  of t h e  f l i g h t  ( l e v e l  f l i g h t )  one mus t  keep t h e  

top  of t h e  nearby v e r t i c a l  po le s  on t h e  r e fe rence  t o  g e t  

t o  t h e  g l ides lope .  The l i n e s  ( 7 , 8 )  a t  f i r s t  i n d i c a t e  t h a t  

one i s  too  l o w  wi th  r e s p e c t  t o  t h e  g l ides lope .  They w i l l  

become more and more p;arallel , i n d i c a t i n g  one i s  g e t t i n g  

t o  t h e  g l ides lope .  Once  they a r e  p a r a l l e l  one keeps them 

t h a t  way, and l e a r n s  immediately where t o  p u t  t h e  runway 

on t h e  sc reen  t o  s t a y  on t h e  g l ides lope .  A t  t h e  t i m e  t h e  

l i n e s  (3 ,4 )  come by,  one s ta r t s  t h e  t r a n s i t i o n  t o  landing ,  

s t i l l  t r y i n g  t o  s t a y  on the  g l ides lope .  Closer  t o  t h e  

ground t h e  runway l i n e s  (1 ,2)  w i l l  spread  open and a t  

touchdown they both become h o r i z o n t a l .  A sequence of d i f -  

f e r e n t  views along the  f l i g h t  path i s  given i n  F igure  13,  

while  F igure  1 4  i l l u s t r a t e s  t h e  change of  a spec t  as seen  

on t h e  sc reen .  

The advantages of t h e  d i s p l a y  a t  f i r s t  glance are: 

1. Coordination i n  maneuvers i s  improved. 

2 .  One i s  ab le  t o  v i s u a l i z e  r a t e s  of change of t h e  

v a r i a b l e s .  

3. I n  an emergency, one immediately " g e t s  t h e  p i c t u r e "  

of t h e  d i f f i c u l t  s i t u a t i o n .  

A more d e t a i l e d  d i scuss ion  and q u a n t i z a t i o n  of t h e  d i sp lay  

parameters i s  given i n  t h e  r e s u l t s .  
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Fig.  14a. Or ig ina l  d i sp l ay  concept ,  as seen  a t  t h e  
s t a r t  of  t h e  s imula ted  f l i g h t .  

F ig .  14b. Or ig ina l  d i sp l ay  concept ,  a s  seen  l i t t l e  
be fo re  t h e  7 0 , 0 0 0  f t  marker. The a i r c r a f t  i s  a 
l i t t l e  above t h e  g l i d e s l o p e ,  and t h e  nose of t h e  
a i r c r a f t  i s  aimed a t  t h e  runway th re sho ld .  
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From t h e  very f i r s t  t r i a l s ,  t h e  p i l o t s  w e r e  able t o  

sugges t  s i g n i f i c a n t  improvements on t h e  i n i t i a l  d i s p l a y  

format as j u s t  described, whi le  t ak ing  i n t o  account t h e  

l i m i t a t i o n s  p r e s e n t l y  imposed by t h e  s y s  t e m  ( l i m i t a t i o n s  

of memory and computation) namely: on ly  twelve p o i n t s  and 

t e n  l i n e s .  

The fol lowing modi f ica t ions  w e r e  made: 

- The ground l i n e s  of t h e  runway w e r e  extended a l l  

t h e  way t o  improve judgment of proximity t o  t h e  

ground p lane .  

- The runway l i n e s  themselves w e r e  drawn as a cross, 

and t h e  i n t e r s e c t i o n  i n d i c a t e d  t h e  middle of t h e  

runway. This  a l l o w s  t h e  p i l o t  t o  more e a s i l y  

v i s u a l i z e  t h e  d i s t a n c e  he has  t ravel led down t h e  

runway. This improved p i c t u r e  i s  shown i n  F igure  15.  

A sequence of p i c t u r e s  as seen  whi le  going down t h e  g l i d e  

pa th  i s  given i n  F igure  16 .  I t  should be made clear t h a t  t h i s  

new form of t h e  p i c t u r e  i s  n o t  a f i n a l  one ,  nor  t h e  complete 

one. The changes are made t o  i n v e s t i g a t e  t h e  improvement of 

t h e  performance, f o r  a given change i n  t h e  l i n e  p a t t e r n .  The 

p r e s e n t  l i m i t a t i o n  of t h e  number of l i n e s  and p o i n t s  s eve re ly  

l i m i t s  us i n  exp lo r ing  a l l  t h e  f i n e  d e t a i l s  t h a t  can be added 

t o  t h i s  pe r spec t ive  d i sp lay .  S p e c i a l  remarks i n  t h i s  r e s p e c t  

are given i n  t h e  d i scuss ion  of t h e  r e s u l t s ,  
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Fig. 1 6 a .  The improved d i s p l a y  concept ,  as seen  a t  
t h e  s t a r t  of t h e  s imula ted  f l i g h t .  I t  has t h e  
ground l i n e s  extended. 

Fig.  16b. The d i s p l a y  as seen  just before  t h e  marker 
p laced  a t  9 0 , 0 0 0  f t .  
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Fig.  1 6 c .  The d i s p l a y  dur ing  t h e  g1id.e : t h e  a i r c r a f t  
i s  f a r  below t h e  g l i d e s l o p e ,  namely 500  f t ,  a t  an 
a l t i t u d e  of 9 , 0 0 0  f t  and 6 0 , 0 0 0  f t  from t h e  runway. 

Fig.  16d. The d i s p l a y  as seen j u s t  be fo re  t h e  marker 
p laced  a t  7 0 , 0 0 0  f t .  The a i r c r a f t  i s  a l i t t l e  above 
t h e  g l i d e s l o p e ,  and t h e  nose o f  t h e  a i r c r a f t  i s  
aimed a t  t h e  runway threshold .  
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Fig.  1 6 e .  The d i s p l a y  as seen  dur ing  hover a t  5 0 0 0  f t  
from t h e  runway. The a i r c r a f t  i s  high above t h e  
g l i d e s l o p e ,  and t h e  nose of t h e  a i r c r a f t  i s  aimed 
a t  t h e  runway th re sho ld .  

F ig .  16f .  The d i s p l a y  as seen  seconds be fo re  touch- 
down. The nose of t h e  a i r c r a f t  i s  aimed a t  t h e  
far end of  t h e  runway. 
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3.b. How t o  Read t h e  D i s D l a v  

Q u i t e  a number of variables ( a t t i t u d e ,  v e l o c i t y ,  

p o s i t i o n )  are inco rpora t ed  i n  one s i n g l e  d i s p l a y  c o n s i s t -  

i n g  only of a few l i n e s  connecting d i s t i n c t  p o i n t s .  I t  

i s ,  t h e r e f o r e ,  important  t o  be ab le  t o  d e r i v e  t h e  informa- 

t i o n  proper ly  from a h igh ly  compact though n o t  c l u t t e r e d  

d i sp lay .  The fol lowing d e s c r i p t i o n  i n d i c a t e s  how t o  d e r i v e  

t h e  a v a i l a b l e  information : 

1. The Glideslope E r r o r  

When one i s  r i g h t  on t h e  g l i d e s l o p e ,  t h e  g l ides lope  

l i n e s  make one s t r a i g h t  l i n e .  I n  t h e  event  one i s  too l o w ,  

t h e  g l ides lope  l i n e s  are ben t  upward: t h e  closest  p o i n t s  of 
* 

t h e  g l ide l sope  (nea r  t h e  edge of  t h e  sc reen )  are above t h e  

h o r i z o n t a l  r e fe rence  l i n e ,  i n d i c a t i n g  t h a t  t h e  p l a n e ' s  

r e fe rence  l i n e  i s  l o w e r  than t h e  g l i d e l s o p e  re ference .  On 

t h e  o t h e r  hand, be ing  too high above t h e  g l i d e s l o p e  w i l l  be 

i n d i c a t e d  by t h e  l i n e s  going down, from t h e  c e n t e r  t o  t h e  s i d e .  

2 .  The Glideslope Er ro r  

When one i s  p e r f e c t l y  a l igned  wi th  t h e  runway, t h e  

p i c t u r e  i s  symmetrical. I f  one i s  ( too much) t o  t h e  l e f t  

of t h e  g l i d e  p a t h ,  t h e  l e f t m o s t  g l i d e s l o p e  l i n e  w i l l  t end  

t o  be foreshor tened ,  and t h e  extended groundl ines  w i l l  run 

o f f  t h e  bottom sc reen  edge t o  t h e  r i g h t .  S i m i l a r l y ,  i f  one 

i s  t o o  much t o  t h e  r i g h t  of  t h e  g l i d e  p a t h ,  t h e  extended 

ground l i n e s  w i l l  run o f f  t h e  bottom sc reen  edge t o  t h e  l e f t .  
*as  though one w e r e  looking up a t  t h e  unders ide  of t h e  roadway. 
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3 .  The A t t i t u d e  

A t t i t u d e  i n d i c a t i o n  i s  provided by t h e  f a r  end of t he  

scenery ,  i . e .  the  end of the runway, i n  theory t h e  horizon 

of t he  i n t e r s e c t i o n  of t h e  p a r a l l e l  runway l i n e s .  I n  

p r a c t i c e ,  coming down t h e  g l i d e s l o p e  one i s  i n t e r e s t e d  i n  

t h e  p i t c h  a t t i t u d e  as  w e l l  a s  i n  r o l l .  Close t o  t h e  ground 

heading becomes impor tan t  s i n c e  runway alignment i s  a 

n e c e s s i t y .  Both s c a l e s  i n  p i t c h  and yaw a r e  equa l ly  

s e n s i t i v e .  P i t c h  changes where the  p o i n t  a t  i n f i n i t y  f o r  

a given d i r e c t i o n  moves from t h e  c e n t e r  of t h e  sc reen  down 

t o  t h e  bottom where it corresponds t o  22.5 '  nose up w h i l e  

moving the  nose down 22.5O b r i n g s  t h a t  p o i n t  t o  t h e  t o p  

of t h e  screen. - Y a w  changes of 22 .5 '  t o ' t h e  r i g h t  make tha t  

p o i n t  move t o  t h e  l e f t  edge of  t h e  s c r e e n  whi le  22.5O t o  

t h e  l e f t  b r i n g s  i t  t o  t he  r i g h t  egde. Roll i s  der ived  from 

t h e  r o t a t i o n  of t h e  scenery and has  a u n i t  ga in .  A 90° of 

r o l l ,  f o r  example, b r i n g s  t h e  v e r t i c a l  po le s  h o r i z o n t a l .  

A c c u r a t e  roll readings  are de r ived  from t h e  assymetry i n  

t h e  p i c t u r e .  

4 .  T h e  A l t i t u d e  

N o  accu ra t e  s c a l e  i s  provided f o r  a l t i t u d e  readings .  

Only two h e i g h t s  are of importance: t h e  immediate v i c i n i t y  

t o  t h e  ground, and t h e  e r r o r  from t h e  d e s i r e d  g l ides lope .  

The  effect  of non- l inear  ga in  m a k e s  it extremely u s e f u l  t o  

e s t i m a t e  a l t i t u d e  d e v i a t i o n s  from t h e s e  two r e f e r e n c e  a l t i t u d e s  
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5. T h e  Range t o  G o  

The d i s t a n c e  t o  go t o  the runway follows d i r e c t l y  

from the p i c t u r e .  An accura t e  reading  i s  n o t  necessary ,  

b u t  d i s t i n c t  d i s t a n c e s  are i n d i c a t e d  by v e r t i c a l  po le s  

loca t ed  a t  well-known d i s t a n c e s  from t h e  runway. 

6 ,  The Veloc i ty  I n d i c a t i o n  

I n i t i a l l y ,  it w a s  hoped t h a t  forward v e l o c i t y  could 

be provided by the  motion of t h e  ver t ica l  p o l e s ,  b u t  this 

w a s  soon r u l e d  o u t ?  T h e i r  motion i s  an e f f e c t i v e  cue only 

when t h e  a i r c r a f t  i s  close t o  t h e  po le s .  Therefore ,  

groundspeed has been i n d i c a t e d  us ing  a s e p a r a t e  ins t rument  

and t h i s  w a s  the  only  ins t rument  used besides the  d i sp lay .  

V e r t i c a l  speed ind ica t ion ,  on t h e  o the r  hand, i s  der ived  

from t h e  moving p i c t u r e  and i s  determined by t h e  ground- 

speed and t h e  g l ides lope .  Close t o  t h e  ground more e f f e c t -  

i v e  i n d i c a t i o n  i s  given by t h e  a spec t  of t h e  changing 

ground and runway l i n e  2 ,  Besides  t h e  s t r a i g h t f o r w a r d  

d e r i v a t i o n  of the  s t a t u s  informat ion ,  t h e  unique q u a l i t y  

of t h e  d i sp lay  i s  t h a t  i t  shows i n  a convenient way t h e  rates 

of change of parameters and t h i s  way it has so -ca l l ed  short-  

t e r m  p r e d i c t i o n  q u a l i t i e s .  The g e n e r a l  r u l e  using t h e  d i s p l a y  

and reading  i t ,  i s  t h a t  p o s i t i o n  i n d i c a t i o n  i s  g o t t e n  from 

t h e  l i n e s  a t  t h e  edge of t h e  s c r e e n  f o r  p o i n t s  close t o  the 

sc reen  w h i l e  t h e  a t t i t u d e  of t h e  a i rc raf t  i s  de r ived  from 

t h a t  p a r t  of t h e  p i c t u r e  which r e p r e s e n t s  the  m o s t  d i s t a n t  

*Their motion i s  d i s t u r b i n g ,  rather than  h e l p f u l .  
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p o i n t s  i n  the  scenery .  The v e l o c i t i e s  t hen  are der ived  

from t h e  motion of t h e  nearby p a r t  of t h e  l i n e s ,  whi le  

angular  veloci t ies  are g o t t e n  from the motion of t h e  

d i s t a n t  p a r t s  of t h e  p i c t u r e .  The l a t t e r  information 

he lps  i n  reducing t h e  g-forces  on t h e  wings w h i l e  changing 

the p i t c h  a t t i t u d e  of t h e  a i rc raf t .  

I t  was n o t  adv i sab le  t o  inc lude  a groundspeed i n d i c a t i o n  

on t h e  d i s p l a y  i tself  because t h e  p o s i t i v e  o r  nega t ive  sense  

could n o t  be r ep resen ted  i n  a unique and non-conf l ic t ing  

manner. I t  i s  a q u a n t i t y  which s t r i c t l y  speaking,  cannot 

be r ep resen ted  i n  a v e r t i c a l  bar  d i s p l a y  w i t h  t h e  proper  

dimension i n  i t s  proper  d i r e c t i o n .  

3 .  c. Display Set-Up: Equations 

T h i s  contact-analog d i s p l a y  i s  of t he  "ske le ton  type" 

and c o n s i s t s  of s t r a i g h t  l i n e s ,  connect ing characterist ic 

p o i n t s .  The t w o  basic p a r t s  i n  t h e  genera t ion  of t h e  d i s -  

p l ay  are: 

1. t h e  d i g i t a l  p o r t i o n  which does the accura t e  

computation 

2 .  t h e  analog p o r t i o n ,  which i s  the l i n e  drawing 

m e  ch a n i  s m  

Details of t h e s e  ope ra t ions  are descr ibed  i n  Volume 2 ,  and 

only t h e  basic elements of t h e  computation w i l l  be d iscussed  

below. 
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3.c.l .  T h e  d i g i t a l  computation c o n s i s t s  of t w o  p a r t s :  

1) an i n e r t i a l  update for  t h e  p o i n t s  us ing  t h e  

informat ion  r e l a t e d  t o  the a i r c r a f t  motion 

( t h e  change i n  p o s i t i o n  and t h e  a t t i t u d e  change) 

2 )  t h e  p e r s p e c t i v e  t r ans fo rma t ion ,  which i s  done 

f o r  each l i n e  

The  l i n e s  a r e  determined by a l i s t  of d i s p l a y  p o i n t s ,  This 

l i s t  can be modified q u i t e  r a p i d l y ,  according t o  t h e  app l i ca -  

t i o n .  

1. The coord ina tes  of t h e  p o i n t s  are s t o r e d  i n  an 

i n e r t i a l  l i s t .  ( T h i s  l i s t  i s  c a l l e d  from a permanent i n e r -  

t i a l  l i s t ,  a t  t h e  s t a r t  of t h e  experiment.)  The l i s t  

conta ins  t h e  three coord ina tes  of each p o i n t .  The p o i n t s  

a r e  s t o r e d  s e q u e n t i a l l y .  Each coord ina te  has t r i p l e  p r e c i -  

s i o n  s i g n i f i c a n c e  and each p a r t  i s  c a l l e d  a h igh ,  a medium 

and a l o w  o r d e r  p a r t .  The l i s t  i s  organized a s  fol lows:  

X X Y Y Z Z 'O,H O I M  O I L  'O,H O,M 0 , L  'OtH O,M OIL 

X X X '1,H 1,M l,L 1 , H  .... 
These coord ina tes  a r e  def ined  i n  a i rcraf t  body axes.  

2 .  The a i r c r a f t  moves about and the  coord ina tes  

change. This in format ion  i s  given by a t r a n s l a t i o n  along 

t h e  three axes ,  and a r o t a t i o n  about  t h e  t h r e e  axes of t h e  

body frame. The t r a n s l a t i o n  used i n  t h e  program i s  de r ived  

from t h e  i n e r t i a l  t r a n s l a t i o n  of t h e  a i r c r a f t  and transformed 
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i n t o  body axes.  The r o t a t i o n  i s  provided by angular  

v e l o c i t i e s  and i s  de r ived  from t h e  change i n  a t t i t u d e  of 

t h e  a i r c r a f t .  The q u a n t i t i e s  used are: 

Ax, Ay, Az and A $ ,  A e ,  A$ 

The coord ina te  changes due t o  t r a n s l a t i o n  are obta ined  i n  

t h e  fo l lowing  way (going from p o s i t i o n  1 t o  2 )  

- 
R2 

R1 

u : v e l o c i t y  v e c t o r  reso lved  i n  body axes 

: vec to r  for  p o s i t i o n  2 ,  reso lved  i n  body 

: v e c t o r  f o r  p o s i t i o n  1, reso lved  i n  body 
- 

- * 

A t  : e lapsed  t i m e ,  between p o s i t i o n s  1 and 2 

and - AE = - U . A t  

Appropriate s c a l i n g  decreases  s u b s t a n t i a l l y  the mathematical 

ope ra t ions  involved.  For t h i s  reason t h e  t i m e &  i s  always 

a b ina ry  f r a c t i o n  of a second:At = 2-x ( x  = 4 i n  this experiment) 

T h e  coord ina te  changes due t o  r o t a t i o n  (between s i t u a t i o n  

2 and 3)  : 
- 
R3 = T R2 ( 3 )  

where g 3 :  coord ina tes  r e so lved  i n  the  r o t a t e d  frame 
- 
R2: coord ina tes  r e so lved  i n  t h e  o r i g i n a l  frame 

T : t ransformat ion  ma t r ix  

This t ransformat ion  ma t r ix  i s  approximated r a t h e r  t han  us ing  

t h e  s i n e -  and cosine-values ,  The method used and t h e  o r d e r  

of this update procedure i s  exp la ined  i n  more de t a i l  i n  

* Veloc i ty  of t h e  a i r c r a f t  w i t h  r e s p e c t  t o  an earth f i x e d  frame 

-49- 



Volume 2 .  

3 .  A f t e r  t h e  coord ina tes  for  one p o i n t  a r e  updated, 

they a r e  s t o r e d  i n  t h e i r  o r i g i n a l  p l a c e ,  t hus  sav ing  space 

b u t  n o t  a f f e c t i n g  f u r t h e r  computations a 

4 .  Once a l l  t h e  p o i n t s  are computed, t h e  p e r s p e c t i v e  

i s  der ived  f o r  each i n d i v i d u a l  l i n e .  The l i n e  i d e n t i f i c a -  

t i o n  i s  s t o r e d  i n  a l i n e  l i s t  and i s  c h a r a c t e r i z e d  by the 

end p o i n t s .  Each end p o i n t  i s  desc r ibed  by two d i g i t s .  

T h i s  l i s t  looks l i k e :  

0 0 0 1 :  connect p o i n t  00 w i t h  p o i n t  0 1  

0110: connect  p o i n t  0 1  w i t h  p o i n t  l o 8  

5. The equat ions  f o r  t h e  p e r s p e c t i v e  t ransformat ion  

a r e  (F ig .  1 7 a )  : 

Z 
X 

v = - - d  
( 4 )  

where h ,  v : t h e  s c reen  coord ina tes  ( h o r i z o n t a l  and 

v e r t i c a l  d e f l e c t i o n )  

X , Y , Z  : the  coord ina tes  of t h e  p o i n t  

d : d i s t a n c e  between o b s e r v e r ' s  eye and t h e  sc reen  

I n  the  case  of t h e  screen being t i l t e d ,  a t  an angle  v F  

(Fig.  17b) then  these equa t ions  are: 

Y 
X cos v + Z s i n  v h =  

X s i n  v - Z cos v 
x cos v + Z s i n  v v =  

-50- 



EYE 

Fig. 17a. Definition of the coordinate systems. 

E Y  

Fig 17b, Definition of the screen coordinate axes for 
a tilted screen, 
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F o r  X ' 0 t h e  formulas do n o t  ho ld  any longe r ,  and a l i m i t -  

a t i o n  technique must be  app l i ed  i f  p a r t  of t h e  l i n e  i s  

seen. The l i m i t a t i o n  t o  t h e  p lane  of t h e  s c r e e n  y i e l d s :  

x; = 0 

y '  = y2 - y1 
y1 + x1 x2 - x1 

z1 + x1 X2 - x1 

2 
z 2  - z1 

z; = 

where 1 i s  t h e  p o i n t  i n  f r o n t  of t h e  screen 

2 i s  t h e  p o i n t  which X2 < o  

N o t  a l l  p o i n t s  w i t h  X > 0 are v i s i b l e ,  b u t  on ly  those 

i n  t h e  s o l i d  angle  determined by the  sc reen  edges,  w i t h  

the  obse rve r ' s  eye as apex. For a c i r c u l a r  s c reen ,  t h i s  

view angle i s  c i r c u l a r  cone determined by a cons t an t  angle .  a 

The p r e s e n t  a p p l i c a t i o n  uses  a v i s u a l  h a l f  angle ,  rl = 22.5' .  

Po in t s  o u t s i d e  t h i s  cone are l i m i t e d  us ing  the  formula: 

R1 X1 t a n  q - 
AR - AX t a n  rl k =  

where 
2 2 2 R1 = Y1 + Z1 

AX = X2 - Xl 

b R  = R 2  - R1 
which y i e l d s  : 

X i  = X1 + k AX 

Y; = Y1 + k AY 

(7) 

Z; = Z1 + k AZ 
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These new coord ina tes  a r e  then used i n  t h e  perspec- 

t i v e  t ransformat ions .  I t  must be emphasized t h a t  these 

formulas do n o t  involve  approximations,  because of the 

l i n e a r  c h a r a c t e r  of t h e  ope ra t ions  i n  t he  l i m i t i n g  a lgor -  

i t h m .  Hence, t h e  l o c a t i o n  of t h e  l i n e  on t h e  sc reen  i s  

exac t  and allows a c o r r e c t  read-out  whenever t h i s  i s  

desired. 

6 .  Besides t h e  two coord ina tes  h ,  v f o r  t h e  two 

end p o i n t s  of t h e  l i n e ,  a t h i r d  coord ina te  i s  computed, 

namely an i n t e n s i t y  coord ina te .  These l i n e s  are drawn 

dur ing  a cons t an t  t i m e  i n t e r v a l  T. Hence, s h o r t  l i n e s  look 

b r i g h t e r  than long l i n e s .  T o  modify the  i n t e n s i t y  of t h e  

o s c i l l o s c o p e  beam, t h e  g r i d  vo l t age  i s  changed according 

t o  t h e  l i n e  length .  T h i s  formula i s  ( R e f .  1 4 0 )  : 

V = C 1 + C 2 L  2 / 3  

where V : vo l t age  a t  t h e  g r i d  ( i n  v o l t s )  

C1, C2 
: c h a r a c t e r i s t i c  cons t an t s  f o r  t h e  o s c i l l o -  

scope 

L : l i n e  l eng th  ( i n  c m )  

If  one wants t o  modify t h e  i n t e n s i t y  w i t h  t h e  s l a n t  d i s t a n c e  

of t h e  p o i n t ,  t h e  au thor  showed i n  R e f .  ( 1 4 0 )  t h a t :  

where 

v = c1 + c2 1 L [ > I 2 }  2 / 3  

D : s l a n t  d i s t a n c e  of the p o i n t  

: reference d i s t a n c e  
DO 
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The t h i r d  coord ina te  I i s  then  a l s o  computed a t  each p o i n t ,  

using t h e  d i s t a n c e  o r  depth ( D )  of t h e  p o i n t  and t h e  

length  (L)  of t h e  l i n e  between two v i s i b l e  p o i n t s .  

7 .  These coord ina tes  a r e  s t o r e d  i n  a d i s p l a y  l i s t ,  

i n  s e q u e n t i a l  o rde r .  T h i s  l i s t  i s  organized as  fo l lows:  

The f i r s t  t h r e e  q u a n t i t i e s  are t h e  i n i t i a l  condi t ions  f o r  

t h e  l i n e ,  t h e  l a s t  three a r e  t h e  r a t e s  f o r  t h a t  l i n e .  

3 . c .2 .  The analog p o r t i o n  c o n s i s t s  of two p a r t s :  

1. an analog c i r c u i t  which draws the l i n e  

2 .  a l o g i c  c i r c u i t  c o n t r o l l i n g  t h e  d a t a  t r a n s f e r  

A clock s i g n a l ,  c o n s i s t i n g  of a p u l s e  t r a i n ,  has a "down- 

t i m e "  and an "uptime". During t h e  uptime the  drawing 

i n t e g r a t o r s  d r a w  t h e  l i n e  a t  t h e  r a t e s  i n d i c a t e d ,  and t h e  

beam i s  unblanked. During t h e  downtime, t he  t r a c k  and hold  

i n t e g r a t o r s  reset, as  do t h e  drawing i n t e g r a t o r s  (F ig -  18), 

During t h i s  reset p e r i o d ,  t h e  beam i s  blanked. 

A d e t a i l e d  d e s c r i p t i o n  of t h e  c i r c u i t r y  i s  given i n  

Volume 2, 

3.c.3. The synchroniza t ion  i s  provided by t h e  l o g i c  p o r t i o n  

of t h e  analog machine, which t r i g g e r s  the  d i g i t a l  program 

and t e l l s  i t  t o  wait ,  t o  run o r  t o  a f f e c t  d a t a  t r a n s f e r .  
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Fig.  18.  Analog l i n e  drawing c i r c u i t .  

-55- 



3.d. Desicrn P r i n c i p l e s  f o r  the D i s p l a y  

From what has  been desc r ibed  i n  t h e  preceeding 

paragraphs,  it has become clear t h a t  t h e r e  are many v a r i -  

ables which one must determine. Among t h e s e  parameters 

a r e  : 

- t h e  sc reen  s i z e  o r  width : s  

- t h e  d i s t a n c e  between t h e  o b s e r v e r ' s  eye: d 

and the  s c r e e n  

- t h e  i n c l i n a t i o n  angle  : v  

- t h e  v i s u a l  angle  : r l  

- t h e  v i s u a l  l i m i t i n g  d i s t a n c e  : DL 

I n  a d d i t i o n ,  one has  complete freedom i n  drawing imaginary 

l i n e s  (e.g. g l i d e s l o p e )  o r  i n  changing t h e  ins t rument  ga ins  

(e.g.  r o l l  b a r ) .  Hence, o t h e r  parameters a r e :  

- t h e  d i s p l a y  ga in  

- t h e  g l i d e s l o p e  road w i d t h  

: I C  

: w  

A v a r i a t i o n  of one parameter  sometimes does no t  a f f e c t  one 

s i n g l e  i t e m .  To g i v e  a complete d e t a i l e d  l i s t  on how t o  

choose each s i n g l e  par"ameter would be t o o  ambit ious,  b u t  

some gu ide l ines  w i l l  be given here as they become understood 

w h i l e  performing experiments w i t h  t h e  p e r s p e c t i v e  d i sp lay  e 

1. T h e  l a r g e r  t h e  s c r e e n ,  t he  more r e s o l u t i o n  can 

be obta ined  and t h e  p i c t u r e  becomes less compact and less 

c l u t t e r e d .  However, there i s  a t r ade -o f f  because t h e  beam 

i s  less w e l l  def ined .  The s i z e  of the  o s c i l l o s c o p e  w i l l  
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a l s o  be  determined by t h e  a v a i l a b l e  space i n  t h e  cockp i t .  

I t  was observed dur ing  t h e  course  of  t h e  experiment,  t h a t  

an 8" * 10" sc reen  was b e t t e r  than a 2.5" * 2.5" screen. 

I t  was a l s o  more r e a l i s t i c  and gave a b e t t e r  impression 

of  t h e  v iewer ' s  window. 

2 .  The d i s t a n c e  d t o  t h e  s c r e e n ,  viewing d i s t a n c e ,  

depends upon eye accommodation and cockp i t  space.  For 

convent ional  a i r c r a f t ,  i t  i s  usua l ly  28  inches  (Ref. 80)  ; 

f o r  r o t a r y  wing it i s  of t h e  o r d e r  of 18 t o  2 8  inches  

(Ref. 8 0 ) .  

3 .  The f i e l d  of  view des igna te s  t h e  s o l i d  v i s u a l  

angles  subtended by t h e  d i sp lay .  For t h e  d i s p l a y ,  only t h e  

in s t an taneous  f i e l d  of view i s  considered.  (Head movement 

as used i n  Ref. ( 1 4 0 )  d e f i n e s  t h e  t o t a l  f i e l d  of view.) 

The v i s u a l  angle  2n, used i n  t h i s  experiment,  i s  45" and 

fol lows from: 

(11) S 
rl = arc t a n  - 2d 

The syrtibols are de f ined  earlier.  

4 .  When t h e  f i e l d  of coverage i s  t h e  same as  t h e  f i e l d  

of view, t h e  d i s p l a y  ga in  i s  u n i t y .  I f  one would show t h e  

same p i c t u r e  as  seen  a t  a d i s t a n c e  d ,  a t  a d i s t a n c e  2d i n s t e a d ,  

the  d i s p l a y  ga in  i s  h a l f .  I t  t u r n s  o u t  t h a t  t h e  t r a c k i n g  

i s  a f f e c t e d  only s l i g h t l y .  This d i s p l a y  g a i n  does no t  seri- 

ously in f luence  t h e  performance. I f  one should double t h e  

r o l l  ga in ,  (e.g.  a r o l l  of 22-5" i s  i n d i c a t e d  by r o l l  b a r  
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i n c l i n a t i o n  of 45") t h i s  w i l l  be r e f e r r e d  t o  as an i n s t r u -  

ment  ga in ,  I n  t h e  d i s p l a y ,  this ins t rument  ga in  cannot be  

mixed w i t h  a d i f f e r e n t  d i sp l ay  ga in  wi thout  d e t e r i o r a t i o n  

i n  performance. 

5. While drawing t h e  d i s p l a y ,  i t  i s  p o s s i b l e  t o  c o n t r o l  

t h e  beam i n t e n s i t y  so  t h a t  d i s t a n t  p o i n t s  become so dim 

t h a t  they a r e  i n v i s i b l e .  

i s  c o n t r o l l e d  by t h e  reference d i s t a n c e  Do i n  formula ( 1 2 ) .  

The d i s t a n c e  DL can be used f o r  the fo l lowing  purposes:  

This v i s u a l  l i m i t i n g  d i s t a n c e  DL 

- t o  determine t h e  depth graduat ion  between t h e  screen 

( f u l l  b r i g h t )  and d i s t a n c e  DL (dim t o  i n v i s i b l e )  

- t o  i n d i c a t e  some c r i t i c a l  d i s t a n c e  b e f o r e  which 

s p e c i a l  c o n t r o l  a c t i o n  m u s t  be taken 

The s e n s i t i v i t y  of t h i s  factor has  been r epor t ed  by R e f .  ( 1 4 0 )  e 

T o  change t h e  a f f e c t  on t h e  performance improvement, one 

chooses a d i f f e r e n t  law of i l l u m i n a t i o n :  

I Q, D-m 

where m = 1 o r  less, i n s t e a d  of t h e  i n v e r s e  square  law 

value m = 2 .  Formula ( 1 0 )  would then  read:  

2/3 
D m  

V = C 1 C C 2 { L ( $ )  } 

I t  i s  worth no t ing  t h a t  it i s  p o s s i b l e  t o  i n t r o d u c e  a f i c t i -  

t i o u s  l i n e  l eng th  L s  = 2L t o  make c e r t a i n  l i n e s  look t w i c e  as 

b r i g h t .  
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6 .  Due t o  i t s  n a t u r e ,  p e r s p e c t i v e  b r i n g s  along t h e  

fac t  t h a t  the  s e p a r a t i o n  of more d i s t a n t  p o i n t s  d i sp layed  

on t h e  sc reen  i s  much less than  f o r  nearby p o i n t s .  This  

i s  referred t o  as non- l inear  g a i n  of t h e  p e r s p e c t i v e  

d i sp lay .  I t  i s  extremely u s e f u l  i n  t he  d i s p l a y  because 

t h i s  f e a t u r e  can be used t o  i n c r e a s e  the  s e n s i t i v i t y  about 

a nominal va lue  and t o  dec rease  t h e  s e n s i t i v i t y  f o r  va lues  

which o therwise  would go o f f  scale. T h i s  w i l l  become clear 

from t h e  fol lowing cons ide ra t ions .  Suppose a l i n e  i s  

drawn on t h e  sc reen  from t h e  c e n t e r  h o r i z o n t a l l y  t o  t he  

sc reen  edge; t h e  l i n e  can be r ep resen ted  by t h e  parameter 

equat ions  (ho = vo = 0)  : 

h = ho + khl = khl 

b = v + kvl = kvl 
(14) 

0 

where h and v for  each p o i n t  fol lows from equat ion ( 4 ) .  

Then a t  t h e  edge of t h e  s c r e e n ,  h = hs. 

equat ion  (14) w i t h  ( 4 )  y i e l d s :  

Transformation of 

k = h s y  X 

and a l s o :  

Hence, t h e  change i n  displacement  (5 v)  a t  t h e  edge of  t h e  

sc reen  i s  related t o  a change i n  a l t i t u d e  by t h e  fol lowing 

express ion:  

-59- 



T h i s  formula holds  f o r  sma l l  changes about t h e  h o r i z o n t a l  

cond i t ion ,  and shows t h a t  t h e  ga in  depends n o t  on ly  on 

t h e  screen s i z e  h b u t  a l s o  on the  Y-coordinate. This 

coord ina te  may be the road width of t h e  g l i d e s l o p e .  This 

shows t h a t  f o r  a 10'' sc reen  (hs = 5 " ) ,  a roadway i n  t h e  sky ,  

1 0 0 0  f t  wide, and a minimum r e s o l v a b l e  o f f s e t  of t h e  l i n e  

on t h e  screen of 2 . 5  mm ( l / l O " ) ,  one observes  an a l t i t u d e  

dev ia t ion  of 1 0  f t !  When t h e  same l i n e  becomes v e r t i c a l ,  

t h e  s e n s i t i v i t y  t o  a l t i t u d e  change becomes zero:  

S' 

- = o  Av 
A Z  

However, t h e  reading  a t  t h e  bottom edge of the  screen 

i n d i c a t e s  : 

(18) Ah - vs 
AY z - _ -  

and t h e  smaller t h e  a l t i t u d e  2 with  r e s p e c t  t o  the r e f e r e n c e ,  

t h e  h ighe r  t h e  s e n s i t i v i t y  i s  for  l a t e r a l  o f f s e t ,  

T h i s  non- l inear  ga in  f e a t u r e  i s  u s e f u l  for  t r a c k i n g  

t h e  g l i d e s l o p e  if the  g l i d e s l o p e  l i n e s  a r e  drawn, o r  f o r  

coming i n  f o r  a landing  when the ground l i n e s  are drawn. The 

l a t t e r  ca se  takes advantage of both a l t i t u d e  e s t i m a t i o n  and 

l a t e r a l  displacement.  

7 .  F i n a l l y ,  there i s  t h e  p i c t u r e  

important .  The l i n e s  chosen must each 

r o l e .  For i n s t a n c e ,  i t  i s  p o s s i b l e  t o  

i n d i c a t e  a given d i s t a n c e  t o  go, or  it 

t h e  runway as a c r o s s ,  t o  i n d i c a t e  t h e  

s t r u c t u r e  which i s  

f u l f i l l  a s p e c i a l  

d i s p l a y  a l i n e ,  t o  

i s  p o s s i b l e  t o  draw 

c e n t e r  of the  runway. 
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Some f e e l i n g  i s  r equ i r ed  on what a d d i t i o n a l  l i n e s  t o  choose 

and i n  q u i t e  a number of cases t h e  performance of t h e  

a i rc raf t  w i l l  g ive  i n d i c a t i o n s  i n  which d i r e c t i o n s  the 

des ign  should  go. 
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CHAPTER 4 

EXPERIMENTAL DATA AND RESULTS 

A b r i e f  summary of t h e  r e s u l t s  i s  given i n  Chapter 1 

and 6 .  The fol lowing chap te r  g ives  a d e t a i l e d  d e s c r i p t i o n  

of t h e  d a t a  a v a i l a b l e  from t h e  experiments as w e l l  as the  

r e s u l t s  de r ived  from t h i s  i n v e s t i g a t i o n .  A complete 

documentation of t h e  d a t a  con ta ins  t a b l e s  and c h a r t s .  

These d a t a  are the r e s u l t  of more than  1 0 0 0  s imula ted  

landings.  

4.a. Descr ip t ion  of the  Records 

4.a . l .  During the experiment,  two k inds  of record ings  have 

been made. They a r e :  

- an X-Y c h a r t  of t h e  f l i g h t  pa th  

- t h e  t i m e - h i s t o r i e s  of f i v e  v a r i a b l e s  

a. The X-Y chart  of t h e  f l i g h t  pa th  (Fig.  2 7 )  g ives  

t h e  a l t i t u d e  versus  t h e  range. The scales have been worked 

ou t  s o  t h a t  t h e  p l o t t e d  i n i t i a l  a l t i t u d e  was always t h e  same, 

namely, 2 . 5 "  f o r  2 5 , 0 0 0  f t .  ( s t e e p ) ,  o r  1 2 , 5 0 0  f t .  (medium), 

o r  6 , 2 5 0  f t .  (shallow g l i d e s l o p e )  e I n  one p l o t ,  there are 

p l o t t e d  1 0  runs t o  work e f f i c i e n t l y .  The o r d e r  i s  from 

bottom t o  top., The f i g u r e  shows t h a t  the f i r s t  t h r e e  runs 

have been f a m i l i a r i z a t i o n  runs ,  wh i l e  from t h e  f o u r t h  one on 

the wind d i s tu rbance  w a s  appl ied .  Note t h a t  as t i m e  goes 

on t h i s  p i l o t ' s  t r a c k i n g  has improved. 
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b.  The graph wi th  t h e  t i m e - h i s t o r i e s  (Fig.  1 9 )  shows 

t h e  fol lowing v a r i a b l e s  : groundspeed, v e r t i c a l  v e l o c i t y ,  

angle  of a t t a c k ,  t h r u s t  and engine t i l t - a n g l e .  The i n i t i a l  

groundspeed is  500 f t / s e c ,  and du r ing  t h e  g l i d e  t h i s  ground- 

speed remains almost t h e  same f o r  t h e  medium g l ides lope .  

For t h e  s t e e p  g l i d e s l o p e ,  i t  increases b u t  f o r  t h e  shallow 

one it decreases .  This i s  only so when t h e  p i l o t  does no t  

use t h e  t h r o t t l e .  The ver t ica l  v e l o c i t y  a t  t h e  s t a r t  i s  

zero. The p l o t  shows t h a t  dur ing  t h e  descent  t h e r e  are 

o s c i l l a t i o n s  f o r  an inexperienced s u b j e c t  (Fig.  19a) while  

t h e r e  are none f o r  t h e  experienced p i l o t s  (Fig.  19b) .  

However, when t h e  d i s tu rbance  i s  app l i ed ,  t h e  graph shows 

t h a t  t h e  v e r t i c a l  v e l o c i t y  i s  t h e  sum of t h e  ra te  of climb 

and t h e  wind d i s tu rbance  (Fig.  1 9 c ) .  The angle  of a t t a c k  

i s  given by t h e  t h i r d  trace. One observes  on t h e  p l o t  t h a t  

t h e  smaller t h e  v e l o c i t y ,  t h e  larger  t h e  angle  of a t t a c k  i s .  

Timing p u l s e s  are superimposed on t h e  p l o t  and t h e  t i m e  

between pu l ses  i s  5 seconds. The f o u r t h  trace shows both 

t h e  t h r o t t l e  s e t t i n g  on t h e  t o p  p a r t ,  and t h e  engine tilt 

angle  on t h e  bottom. The scales are i n d i c a t e d  on t h e  c h a r t .  

A s  w a s  i n d i c a t e d  ear l ier ,  t h e s e  p l o t s ,  e s p e c i a l l y  t h e  

s t r i p  c h a r t s ,  w e r e  used t o  check f o r  equipment malfunction- 

ing .  Types of malfunct ioning t h a t  could occur  are: hung-up 

i n t e g r a t o r s  f o r  d e r i v i n g  i n e r t i a l  p o s i t i o n s ,  o s c i l l a t o r y  

D/A channels and dead A / 3  channels.  
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Fig.  1 9 a .  T i m e  h i s t o r i e s  of f l i g h t  v a r i a b l e s .  
Case of an inexperienced s u b j e c t -  
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Fig. 19b. Time histories of the flight variables. 
Case of a well-trained pilot, no wind disturbance. 
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Fig. 19c. Time histories of the flight variables, 
Case of a well-trained pilot, with wind disturbance 
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4.a .2 .  A t  t h e  end of t h e  experiment,  a t e l e t y p e w r i t e r  

p r i n t - o u t  w a s  given which g ives  t h e  t r a c k i n g  score and t h e  

touchdown performance. A sample of t h e  p r i n t - o u t  i s  given 

i n  Volume 2 ,  (F ig .  1 0 )  e The r e s u l t s  given are: 

- t i m e  s p e n t  i n  a given phase 

- i n t e g r a l  of t h e  d e v i a t i o n  from t h e  prescr ibed  

g l i d e s  lope 

- weighted abso lu te  error 

- average abso lu te  a l t i t u d e  error 

The f o u r  q u a n t i t i e s  a r e  given f o r  each of t h e  fol lowing 

phases of Figure 11. 

- c r u i s e  ( 0 -+ 1 0 , 0 0 0  f t )  

- g l i d e  (10,000 -+ 7 0 , 0 0 0  f t )  

- t r a n s i t i o n  ( 7 0 , 0 0 0  -+ 9 0 , 0 0 0  f t )  

- l anding  (runway) 

The t h r e e  a d d i t i o n a l  q u a n t i  t ies  are : 

- touchdown range 

- touchdown v e r t i c a l  v e l o c i t y  

- touchdown groundspeed 

For t h e  t r a c k i n g ,  only t h e  weighted abso lu te  error  i s  

impor tan t  
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4.a.3. While running t h e  experiment ,  d a t a  w e r e  s t o r e d  on 

magnetic DECtape ( V o l s .  2 and 3) ., These d a t a  w e r e  used t o  

de r ive  t h e  p i l o t  d e s c r i b i n g  func t ions  i n  t h e  fol lowing way: 

- t h e  f irst  r e l a t i o n s h i p  i s :  

elevator c o n t r o l  
g l ides lope  d e v i a t i o n  

- t h e  second one i s :  

angle  of attack 
f l i g h t  pa th  angle  

This p i l o t  desc r ib ing  func t ion  a n a l y s i s  w a s  done a f t e r  t h e  

experiment was concluded, and w a s  performed as a quasi-on- 

l i n e  d a t a  reduct ion .  Each run w a s  examined s e p a r a t e l y  a t  

f i r s t ,  t o  b e  ab le  t o  look a t  the  change i n  c o n t r o l  s t r a t e g y  

and t o  c o r r e l a t e  it w i t h  h i s  l e a r n i n g  behavior .  Later on 

an averaging technique w a s  app l i ed .  

Generation of t h e  Bock p l o t  f o r  t h e  d e s c r i b i n g  func t ion  

w a s  mechanized f o r  e f f i c i e n c y .  A sample of t h e  mechanized 

Bode p l o t  i s  given i n  F igure  20 .  The t o p  h a l f  of a combina- 

t i o n  of  t w o  graphs shows t h e  amplitude r a t i o  i n  dB, w h i l e  the  

second h a l f  shows t h e  phase d i f f e r e n c e  i n  degrees  f o r  the out- 

put- input  p a i r  of t h e  d e s c r i b i n g  func t ion .  The mechanized p l o t  

i s  composed of selected s p i k e s  and t h e  a c t u a l  curves of the  

Bode p l o t  are t h e  envelopes of t h e s e  p l o t s .  These sp ikes  are 

t h e  exac t  va lues  of t h e  o r d i n a t e  (e i ther  amplitude r a t i o  o r  

phase d i f f e r e n c e ) ,  and they occur  a t  t h e  frequency i n d i c a t e d  

on t h e  frequency scale. The  f requencies  of t h e  Four i e r  Trans- 

form program are mul t ip l e s  of a basic  frequency and t h e  ran- 

dom i n p u t  has been prepared as a sum of 20 s i n u s o i d s ,  whose 

f requencies  are m u l t i p l e s  (given by prime numbers) of t h i s  

basic frequency. 
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Fig. 20. Typical Bode plots, showing the pilot's 
quasi-linear describing function. 
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The plot in Figure 20 is the case of an experienced 

pilot, whose describing function (se/eh) is a second order 

lead (40 db/decade and 180 deg. of phase difference at low 

frequencies) and the negative sign in the phase indicates 

negative gain (positive elevator deflection for a negative 

error in glideslope deviation), When the pilot does not use 

duct lift during tracking, the describing function (a/y) is a 

first order lead ( 2 0  db/decade and 90 deg. of phase difference 

at low frequencies) as in Fig. 20. When the pilot does use 

duct lift, the describing function becomes essentially flat. 

A discontinuity in the phase occurs at the 180 degree line, 

where the curve can exhibit a jump of 3 6 0  deg. A jump occurs 

too in the amplitude because of the jump in the digital number- 

ing system. This discontinuity occurs at the 3 6  dB line 

( 2 0 *  2048/1134) and must be eliminated for a continuous plot. 

Before it was decided to look only at the above two rela- 

tionships, other combinations have been examined. Although the 

human operator acts as a multivariable input-output system, no 

attempt has been made to investigate thoroughly his function, 

Only an understanding of the control strategy was aimed for in 

the study of the training, More arguments are given in the 

discussion of the results, 

4.b Methods for deriving the results 

The goals set forth for examining the different display 

instrumentations are: 

- the ease of control, which means best performance and 
least effort 
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- t h e  optimum landing ,  which means accu ra t e  and smooth 

touchdowns 

The way these goals  have been looked a t ,  o r  the c r i t e r i a  

used i n  t h e  examination a re :  

- t h e  l e a r n i n g  curve of  t he  p i l o t  performance 

- t h e  p i l o t  d e s c r i b i n g  func t ion ,  e s p e c i a l l y  t he  o r d e r  

of h i s  t r a n s f e r  func t ion  and h i s  a b i l i t y  t o  gene ra t e  

l ead  i n  c o n t r o l l i n g  the  underdamped system 

- t he  a b i l i t y  of t he  p i l o t  t o  t r a c k  t h e  g l i d e s l o p e  i n  

t h e  presence of a wind d i s tu rbance  

- t h e  cons is tency  i n  touchdown, descr ibed  by t h e  mean 

and t h e  s t anda rd  d e v i a t i o n  of t h e  touchdown range and 

t h e  touchdown v e l o c i t y  

These c r i t e r i a  have been used t o  compare t h e  types of i n s t r u -  

mentation d iscussed  i n  Chapter 2.  

4 . c .  Discussion of t h e  Resu l t s  

1. A s  expec ted ,  the  p i l o t  goes through a t r a i n i n g  

pe r iod  be fo re  reaching  a s t eady  s t a t e  l e v e l .  Unless one has  

observed t h a t  t he  t r a i n i n g  p e r i o d  i s  ove r ,  one cannot be s u r e  

s teady  s t a t e  performance has  been achieved. T h i s  is  e s p e c i a l l y  

t r u e  s i n c e  a f te r  s o m e  t i m e ,  f a t i g u e  i s  observed. T h i s  f a t i g u e  

w a s  both p h y s i c a l  and a l s o  emotional  s i n c e  p i l o t s  o f t e n  

reached a p o i n t  where they f e l t  t h a t  they could n o t  f u r t h e r  

improve t h e i r  performance, and t h e i r  mot iva t ion  t o  work hard  
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was diminished. 

A t y p i c a l  l e a r n i n g  curve i s  shown i n  Figure 21,which 

i s  given f o r  t h e  t r a c k i n g  sco re  a lone  and a l s o  f o r  the  

combined performance, t r a c k i n g  and touchdown. I t  t u r n s  o u t  

t h a t  both curves a r e  h igh ly  c o r r e l a t e d .  I f  t h e  p i l o t  i s  

unable t o  s a t i s f a c t o r i l y  track t h e  g l i d e s l o p e ,  i t  w i l l  be 

impossible  f o r  h i m  t o  o b t a i n  a decent  landing  s c o r e ,  and 

v i c e  versa .  T h i s  was t h e  case  f o r  types 1 and 2 i n  the 

convent ional  i n s t rumen ta t ion  of d i s p l a y .  T h i s  w a s  no t  the 

case f o r  t h e  p e r s p e c t i v e  g l i d e s l o p e ,  however. T h i s  

w i l l  be d iscussed  i n  a s e p a r a t e  s e c t i o n .  

2 .  Observation of t h e  p i l o t  desc r ib ing  func t ion  f o r  

t r ack ing  t h e  g l i d e s l o p e  r e v e a l s  t h a t  there are d i f f e r e n t  

c a t e g o r i e s  of t r a n s f e r  func t ions  iFig.  2 2 )  f o r  6e’eh 

- gain  wi th  t i m e  de lay  

- ga in  

- f i r s t  o r d e r  l e a d  

- second o r d e r  l ead  

Inexperienced subjects begin t h e i r  t r a i n i n g  by a c t i n g  a s  

a pure ga in .  I n  t h e  case where t h e  g l i d e s l o p e  needle  has  

gone o f f  s c a l e ,  their desc r ib ing  func t ion  i s  a ga in  p lus  

a t i m e  de l ay .  Improvement i n  t h e i r  performance b r i n g s  them 

t o  t h e  nex t  category e P i l o t s  w i t h  i n t e rmed ia t e  experience 

s t a r t  e x h i b i t i n g  a f i r s t  o r d e r  l e a d  i n  t h e i r  d e s c r i b i n g  

func t ion .  A s  t i m e  goes on, they change t h e i r  ga in  and a f t e r  
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+ TRACKING O N L Y  

1-2 FAMILIARIZATION 
3-10 WITH DISTURBANCE 

Fig, 2 1 ,  Learning curve for an experienced p i l o t i r  
us ing  t h e  convent ional  instruments, 
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Fig. 22a. Pilot describing function : gain with time delay. 
(Case of an inexperienced subject, 

using the dial instruments) 
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Fig. 22b. Pilot describing function : a simple gain, 
(Case of an inexperienced subject, 

using the dial instruments). 
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Fig. 22c. Pilot describing function : lead generation. 
(Case of a pilot with limited experience, 

using the dial instruments). 
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Fig. 22d. Pilot describing function : a second order lead, 
(Case of a well-trained pilot, 
using the dial instruments) e 
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some t i m e ,  they reach t h e  " t h i r d  level" of c o n t r o l  s t r a t e g y .  

The h igh ly  s k i l l e d  p i l o t s  e x h i b i t  a second o r d e r  lead .  

They achieve t h i s  by apply ing  a c o n t r o l  technique i n  a 

p u l s a t i l e  manner: an e l e v a t o r  c o n t r o l  p u l s e  i n  one d i r e c -  

t i o n ,  followed by a p u l s e  i n  t h e  oppos i t e  d i r e c t i o n  (Ref. 160). 

When applying t h e  wind d i s tu rbance  it t u r n s  ou t  t h a t  

each c l a s s  of p i l o t s  e x h i b i t s  one less o r d e r  of c o n t r o l  s k i l l  

a t  f i r s t  depending upon t o t a l  experience i n  a i r c r a f t .  They 

even tua l ly  succeed i n  c o n t r o l l i n g  t h e  a i r c r a f t  i n  t h e  same 

manner as  be fo re  t h e  d i s tu rbance  was app l i ed .  

D i f f e r e n t  techniques w e r e  observed depending upon t h e  

g l ides lope .  For t h e  s t e e p  g l i d e s l o p e s ,  fo r .  example, t h e  

experienced p i l o t s  behave as  a t ime-varying system(Fig.  231,  a 

combination of f i r s t  and second o r d e r  s t r a t e g i e s .  The p i l o t s  

from t h e  in t e rmed ia t e  group tend  t o  do so,  too.  

3. Because of t h e  t r a i n i n g  phase,  one cannot pu t  t h e  

same weight  on t h e  r e s u l t s  of each experiment.  I t  i s  

advisable  t o  s e p a r a t e  t h e s e  and t o  look a t  t h e  s t eady  s ta te  

performance e Train ing  and l e a r n i n g  t i m e ,  however I are 

f a c t o r s  of secondary improtance . 

4.d. The r e s u l t s  of t h e  experiments a r e  desc r ibed  wi th  t h e  

fol lowing i t e m s  : 

- mean and s t anda rd  d e v i a t i o n  f o r  touchdown 

- mean and s t a n d a r d  d e v i a t i o n  f o r  touchdown v e l o c i t y  

- mean and s t a n d a r d  d e v i a t i o n  f o r  t r a c k i n g  a b i l i t y  
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Fig. 23. Pilot describing function showing the pilot as 
a time-varying eiement. 

(Case of a well-trained pilot, using the dial 
instruments for the steep glideslope of 17.3'). 
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The r e s u l t s  are given f o r  each p i l o t ,  f o r  each g l i d e s l o p e  

cond i t ion ,  and fo r  each arrangement of ins t ruments .  

A g r a p h i c a l  r e p r e s e n t a t i o n ,  comparing t h e  above i t e m s  

f o r  each p i l o t ,  w i thou t  and w i t h  d i s p l a y  i s  given i n  F igures  

2 4 a  and b,  25a and b ,  and 26a and b, r e s p e c t i v e l y .  

Examination of t he  records shows t h a t  there i s  a 

d i s t i n c t  d i f f e r e n c e  i n  t h e  performance between the s imula ted  

f l i g h t s  w i t h  t h e  d i s p l a y  and those  w i t h  t h e  d i a l  ins t ruments .  

Figure 27bshows t h e  records  of t h e  f l i g h t  pa th  of an inexper-  

ienced s u b j e c t  us ing  t h e  p e r s p e c t i v e  g l i d e s l o p e  d i sp lay .  

T h i s  compares w i t h  F igure  27a,showing t h e  r eco rd  of an 

experienced p i l o t  us ing  t h e  d i a l  ins t ruments .  Note t h a t  

once t h e  p e r s p e c t i v e  d i s p l a y  has been expla ined  t o  t h e  

inexperienced p i l o t  I he performs better than  h i s  more 

experienced coun te rpa r t  us ing  t h e  d i a l s  above. Figure 28 

shows t h e  l e a r n i n g  curve of an inexper ienced  subject us ing  

the pe r spec t ive  d i s p l a y  and it must be noted t h a t  t h e  curve 

i s  e s s e n t i a l l y  f l a t .  T h i s  must be confirmed w i t h  F igure  2 1  

which i s  f o r  an experienced p i l o t .  N o t e  too t h e  o r d e r  of 

magnitude d i f f e r e n c e  between t h e  performance score factors I) 

( T h e i r  d e f i n i t i o n  i s  given i n  Volume 2 ,  Sec t ion  3 . )  The 

improvement i n  performance and t h e  ease of c o n t r o l  i s  as 

s t r i k i n g  and as remarkable as t h e  improvement i n  the 

improved d i s p l a y  i n  R e f .  157. 
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Fig. 28. Learning curve for an inexperienced pilot, 
using the perspective glideslope display. 
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The results, presented in Figures 24a and 25a especially, 

are quite high, compared to numbers in real life. Indeed 

touchdown errors exceeding 1000 ft and vertical velocities 

at touchdown larger than 10 ft/sec (the maximum allowable on 

an aircraft carrier) are somewhat ridiculous, This indicates 

the lack of loop closure and no damping when using the con- 

ventional instruments in an aircraft without stability auqmen- 

tation, However the perspective display did permit sufficient 

damping through inner loop closure. 

The differences of performance in these two conditions 

were sharply underlined by the difficulty of the task : 

1. the aircraft has been simulated without the artificial 

stability augmentation. 

2. tracking a glideslope much larger than the nominal 3" 

glideslope for conventional aircraft is difficult. The 

glideslopes under investigation went up to 17.3' 

3. a wind disturbance was applied in a vertical direction 

to make the aircraft drift away from the glideslope. 

The maximum amplitude was 50 ft/sec at the cruise 

altitude, but was proportional to altitude, 

4. the control of a V/STOL aircraft is not a task which 

one can learn easily because more than one method can 

be optimum. This has been observed in the different 

stragtegies of the pilots. 

5. the control task in landing this aircraft consists of 

controlling simultaneously three variables : pitch 

attitude, power setting and thrust direction. This task 
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is considerably easier while landing a conventional 

aircraft, Once the power setting is done, mainly one 

variable, pitch attitude has to be controlled. 

When the artificial stabilization was reinstated, the 

simulated aircraft could be flown well enough for the glide- 

slope of 3'. However the above mentioned items 2, 4 and 5 

are proper to V/STOL aircraft. Therefore conventional 

instruments alone are insufficient for the task. 

This is illustrated better by the results (tracking, 

touchdown and vertical velocity at touchdown) for glideslopes 

of different steepness (Fig. 2 9 ) .  A very steep glideslope (32O) 

has been added to the plot. The data, for experienced pilots 

only, indicates that the range at touchdown becomes more 

accurate for steeper glideslopes. This is due to the reduction 

of forward speed in order to stay on the glideslope, while 

maintaining a reasonable sink rate. However this operation 

requires a lot of fuel and requires some piloting skill to 

handle the duct lift. The touchdown velocity is more difficult 

to handle when the glideslope increases, The values (gotten for 

the perspective display) are still acceptable, but are at the 

limit for the very steep glideslope. This suggests the use of 

a sensitive read-out of sink rate near touchdown. 

A comparison with the pilot opinion and the Cooper rating 

is given in Chapter 5. 
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4 . e .  Discussion of t h e  Data 

From t h e  t a b l e s  and graphs one can conclude t h a t  t h e  

d i s p l a y  creates a s i g n i f i c a n t  improvement i n  performance. 

1. The cons is tency  i n  touchdown i s  shown i n  t h a t  t h e  

mean i s  close t o  9 0 , 0 0 0  f t . ,  t h e  d e s i r e d  touchdown p o i n t .  

The var iance  shows t h a t  w i th  t h e  d i s p l a y  a l l  t h r e e  classes 

of p i l o t s  do equa l ly  w e l l .  

2 .  The cons is tency  i n  touchdown v e r t i c a l  v e l o c i t y  

i s  shown i n  t h e  mean and va r i ance .  Q u i t e  o f t e n  t h e  p i l o t s  

w e r e  able t o  touch down w i t h  say  2 o r  3 f t / s e c  and only one 

bad r e s u l t  w a s  enough t o  h u r t  t h e i r  scores s i g n i f i c a n t l y .  

3 .  Tracking t h e  g l i d e s l o p e  has become very easy w i t h  

t h e  d i s p l a y .  The p i l o t s  a l l  r epor t ed  t h a t  t h e  d i sp lay  w a s  

very s e n s i t i v e  t o  e l e v a t o r  c o n t r o l  and they d i d  n o t  rea l ize  

t h a t  t h i s  w a s  a l so  t h e  case w i t h  t h e  d i a l  instruments  only.  

This i s  probably t h e  m o s t  s t r i k i n g  proof t h a t  l ead  genera- 

t i o n  i s  much easier  w i t h  t h e  d i s p l a y .  

D i f f i c u l t i e s ,  however, i n  measuring t h i s  q u a n t i t a t i v e l y  

are many: 

- t h e  system dynamics are  non- l inear  

- t h e  p i l o t  behaves as a time-varying system 

- t h e  system i s  multimodal 

- t h e  power of t h e  i n p u t  d i s tu rbance  could n o t  be 

made high enough 
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Typical  runs i n  which t h e  p i l o t  r e l i e d  on convent ional  

d i a l s  show t h a t  a large g l i d e s l o p e  d e v i a t i o n  accumulated 

w i t h  t h e  d i s p l a y  o f f ,  b u t  w a s  n u l l e d  i n  a dead b e a t  . 

fash ion  f r o m  t h e  moment t h e  d i s p l a y  w a s  tu rned  on. 

4 .  The l e a r n i n g  curve w i t h  the  d i s p l a y  becomes 

e s s e n t i a l l y  f l a t  (Fig.  2 8 ) ,  i . e ,  no improvement i s  observed 

between t h e  f irst  run,when t h e  p i l o t  f u l l y  understands t h e  

display, and t h e  l a s t  run. Moreover, f a t i g u e  i s  almost 

unnot icable .  One p i l o t ,  f o r  i n s t a n c e ,  d i d  a l l  three exper- 

iments i n  a r o w ,  f o r  t h r e e  consecut ive hours .  H e  w a s  re- 

checked a t  a l a t e r  d a t e  on t h e  l a s t  run of t h e  series t and 

no s i g n i f i c a n t  d i f f e r e n t e  from h i s  ear l ier  performance w a s  

obs erved . 
5. The p r e s e n t  f i g u r e s  are s o m e w h a t  l a r g e  compared 

t o  a c t u a l  f l i g h t  da t a .  The l a r g e  va r i ance  f o r  touchdown 

range and ve r t i ca l  touchdown v e l o c i t y ,  i n  the  case of t h e  

d i a l  i n s t rumen t s ,  i s  due t o  a lack of s t a b i l i t y  augmenta- 

t i o n .  These va lues  are more reasonable  i n  t h e  case of t h e  

pe r spec t ive  d i sp lay  e However, the  r e l a t i v e l y  l a r g e  mean f o r  

t h e  v e r t i c a l  touchdown v e l o c i t y  i s  due t o  the  r e s o l u t i o n  and 

computer no ise .  From Table 1 i n  Volume 2 ,  one de r ives  t h a t  

1 b i t  r ep resen t s  0.625 ft/sec and t h e  A/D convector  s o m e t i m e s  

i s  i n  error by 5 8' 
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4 . f .  The E f f e c t  of Trainincr 

All t h e  p i l o t s  went through t h e  series as i n d i c a t e d  

i n  Chapter 2 :  f i r s t  no d i s p l a y ,  and then  t h e  d i s p l a y .  I t  

can be  argued t h a t  they a l l  learned  w e l l  on t h e  more d i f -  

f i c u l t  t a sk .  Therefore ,  they should do even b e t t e r  i n  

t h e  case where t h e  d i s p l a y  is used. F o r  t h a t  reason ,  t h r e e  

p i l o t s  w e r e  examined, f i r s t  w i th  t h e  d i s p l a y ,  then  without .  

The d i f f e r e n c e  i n  performance i s  even more remarkable. With 

t h e  d i s p l a y  they s ta r t  p r e t t y  w e l l ,  and l e a r n i n g  i s  i n s i g -  

n i f i c a n t .  However, wi thout  t h e  d i s p l a y ,  they have some 

experience on how t o  handle  t h e  c o n t r o l .  A t  f i r s t  they 

apply t h e  same technique and t h e  performance, although no 

longer  as good, i s  much b e t t e r  than  what it becomes l a t e r  

on. They l o s e  g radua l ly  a l l  t h a t  they have learned  and 

g e t  confused, they say .  The work i s  much ha rde r  too and 

a t  t h e  end of t h e  experiment ,  t h e i r  performance can hard ly  

be compared t o  t h a t  of t h e  beginning.  A comparison of the  

d a t a  of t h e s e  subjects i s  given i n  t h e  F igure  30. 

4.g. Discussion of t h e  Q u a l i t i e s  of t h e  Pe r spec t ive  Display 

The primary purpose of the d i s p l a y ,  as given i n  Figure 1 5  

i s  t o  accomplish t h e  fo l lowing  mission:  t o  steer a r e l a t i v e l y  

uns t ab le  a i r c r a f t  ( a s  a V/STOL a i r c ra f t )  from c r u i s e  a l t i -  

tude r a p i d l y  (along a s t e e p  g l i d e s l o p e )  t o  a hover condi t ion  

( r e l a t i v e l y  low groundspeed) nearby t h e  landing  s i t e  and 

t o  l and  smoothly and s a f e l y  under low t o  zero-zero v i s i b i l i t y  

condi t ions  e 
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The des ign  and p r o p e r t i e s  of t h e  proposed pe r spec t ive  

d i s p l a y  w i l l  now be d iscussed .  

1. The d i s p l a y  i s  of t h e  c o n t a c t  analog type and 

thus  a l l o w s  coord ina ted  maneuvers t o  be  performed much more 

e a s i l y  than wi th  t h e  convent ional  ins t ruments .  The changes 

of v a r i a b l e s  can b e  made much more rapidly,  wi thout  t ak ing  

risks,  than a stepped-up approach, i n  which a c y c l i c  scan 

p a t t e r n  from hor izon  i n d i c a t o r  v i a  a i r speed  i n d i c a t o r  t o  

p o s i t i o n  i n d i c a t o r  involves  more t i m e ,  m o r e  s k i l l ,  m o r e  

understanding. 

2 .  A t  a l l  t i m e s  t h e  "ou t s ide"  world p i c t u r e  i s  

v i s u a l l y  compellinq, and t h e  p i l o t  never  has  t o  i n t e g r a t e  

t h e  s i t u a t i o n  by reading  several d i a l s ,  a procedure which 

i s  s u b j e c t  t o  hazards .  This  " rea l  world" p i c t u r e  w i l l  t end  

t o  prevent  t h e  p i l o t  from becoming confused, e s p e c i a l l y  i n  

v e h i c l e s  where t h e  motion experienced by the  p i l o t  i s  n o t  

s i m i l a r  t o  t h a t  of t h e  a i r c r a f t  i t s e l f  as a whole. I n  

emergency s i t u a t i o n s  where t h e  e f f e c t s  of a hazard would 

t r i g g e r  several d i a l s  t o  change r a p i d l y  and seemingly 

i n c o n s i s t e n t l y ,  t h e  d i sp lay  w i l l  p r e s e n t  t h e  s i t u a t i o n  

conspicuously i n  an easy  t o  understand fash ion .  

3. Rather than having a s ta tus- informat ion  of a l l  

a v a i l a b l e  parameters ,  t h e  p i l o t  i s  able t o  d e r i v e  t h e  rates 

of change of t5ose  parameters .  H e  w i l l  be able t o  a n t i c i -  

p a t e  t h i s  motion and he can act  wi th  t h e  c o n t r o l s  t o  make 
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h i s  a i r p l a n e  respond wi th  a dead beat  response.  This type 

of response can only  be g o t t e n  wi th  a quickened d i s p l a y ,  

However, it has t h e  disadvantage t h a t  one does n o t  know 

the  s t a t e  of t h e  variable and secondly one cannot respond 

i n  any o t h e r  f a sh ion  than  imposed by t h e  quickening ga ins .  

The d i s p l a y  has n e i t h e r  o f  t h e s e  disadvantages.  A scanning 

p a t t e r n  created by d i a l  d i s p l a y s  makes t h e  p i l o t  lose the 

ra te  of change of t h e  observed q u a n t i t y  as soon as he takes  

h i s  eyes  off  one ins t rument  t o  go t o  t h e  n e x t  one. 

4.  For improved performance i n  a compensatory t r a c k i n g  

t a s k ,  one can successfully apply non- l inear  ga in .  This con- 

cep t  i s  employed i n  t h e  g l i d e s l o p e  d i s p l a y  due t o  t h e  very 

na tu re  of pe r spec t ive .  I t  is used i n  t x o  d i f f e r e n t  ways: 

f i r s t  t o  a l l o w  easier  t r a c k i n g  of t h e  g l i d e s l o p e ,  and second 

t o  allow a smooth touchdown. A t  t h e  desired g l i d e s l o p e ,  

t h e  pe r spec t ive  l i n e s  move r a p i d l y  about t h e  h o r i z o n t a l  

re fe rence  l i n e  and a l l o w  obse rva t ion  of o f f s e t  errors of 

less than 1 0  f e e t ,  a t  a l t i t u d e s  of 2 0 , 0 0 0  f e e t !  Away f r o m  

the  g l i d e s l o p e ,  t h e  s e n s i t i v i t y  of t h e  error  i n d i c a t i o n  

decreases  r ap id ly .  An i d e n t i c a l  s e n s i t i v i t y  range i s  ob- 

t a i n e d  about t h e  ground p lane ,  where t h e  only  i n t e r e s t i n g  

region i s  above t h e  ground level.  S i m i l a r  s e n s i t i v i t i e s  

are ob ta ined  where a l t i t u d e s  o f  less than  2 f e e t  can be 

d iscr imina ted .  The s e n s i t i v i t y  v a r i a t i o n  behaves as an 

" a r c  tangent"  l a w  w i th  maximum s e n s i t i v i t y  around t h e  

h o r i z o n t a l  r e fe rence  l i n e .  This maximum can be changed 
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arbitrarily and can be set much higher at the ground level 

than at the glideslope, This setting depends upon the screen 

size and the roadway width (as indicated in chapter 3 ) ,  and it 

remains unchanged during the landing approach. 

Controlling a relatively highly-underdamped plant happens 

quite often in the presence of sustained oscillations. Impro- 

vement in the control can be gotten by applying a command 

input signal, which one is aiming for. In a similar manner, the 

display can be flown such that the pilot sees where to go. 

He puts the point, he is aiming for, in the center of the screen, 

his airplane reference. The manner to achieve his goal is 

entirely free and is left up to the pilot, and he himself has 

the possibility of adaptation. 
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CHAPTER 5 

THE THREE-DIMXI~SIONA'G SIMULATION 

5. a G e n e r a l i t i e s  

The equipment used f o r  t h e  experiment was q u i t e  

l i m i t e d  i n  s i z e .  The d i g i t a l  computer has  only a 4 K  

memory w h i l e  t h e  analog computer has  only 20 i n t e g r a t o r s .  

W i t h  these l i m i t a t i o n s ,  i t  was q u i t e  a cha l lenge  t o  se t  up 

t h i s  experiment. To i n d i c a t e  some of t h e  extremes reached 

wi th  t h e  

t i o n  t h e  

a. 

b.  

C. 

" a v a i l a b l e "  equipment, i t  i s  of i n t e r e s t  t o  men- 

fol lowing:  

The zeroth page normally has 1201&ocations a v a i l -  

a b l e  f o r  d i r e c t  address ing  from anywhere i n  core .  

W i t h  c a r e f u l  usage of  double and even t r i p l e  

d e f i n i t i o n  of v a r i a b l e s ,  t h i s  page has  been 

expanded t o  be able t o  conta in  

Not a s i n g l e  l o c a t i o n  i n  memory i s  " l e f t  over ."  

The permanent l oade r  page a l s o  has  been used as 

a d a t a  buf fer , ,  and core has  been expanded byswaping 

programs between t h e  t w o  major cyc le s  i n  t h e  

experiment . 
The experiment program has been running w i t h  an 

e f f i c i e n c y  of t h e  p rocesso r  t i m e  e q u a l  t o  280% 

normal p rocess ing  t i m e ,  us ing  t h e  m u l t i p l e  i n t e r -  

r u p t  f e a t u r e .  

2040variables .  
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d. 

e. 

The number o f  available DA channels i s  e i g h t .  

I t  w a s  necessray t o  se t  up a log ic  c o n t r o l l e d  

by sof tware  t o  mul t ip l ex  t h e s e  channels and t o  

expand them t o  an e q u i v a l e n t  of twelve DA channels .  

S p e c i a l  sub rou t ines  f o r  real-time ope ra t ion  had 

t o  be w r i t t e n  t o  make t h e  experiment poss ib l e .  The 

t i m e  r e q u i r e d  f o r  t h e i r  ope ra t ion  i s  on t h e  average 

about twenty t i m e s  f a s t e r  than  commercially a v a i l -  

able r o u t i n e s .  I n  a d d i t i o n ,  t h e  r o u t i n e s  are more 

compact . 
Besides t h e s e  "expansions" it w a s  necessary t o  c a r e f u l l y  

cons ide r  t h e  program and informat ion  flow because of t h e  

l i m i t e d  A!l and DA channels.  For t h i s  reason,  q u i t e  a number 

of v a r i a b l e s  w e r e  der ived  on t h e  analog machine t o  provide 

t h e  necessary s i g n a l s  f o r  t h e  ins t ruments .  I t  w a s  p o s s i b l e  

t o  have a good s imula t ion  f o r  a l l  f o u r  types  of ins t ruments  

i n  t h e  p l a n a r  case wi th  t h r e e  degrees  of freedom ( l o n g i t u d i n a l  

motion) .  However, i t  w a s  impossible  t o  ge t  a r e a l i s t i c  set-up 

f o r  t h e  three-dimensional case wi th  s i x  degrees  of freedom 

i n c l u d i n g  l a t e ra l  besides l o n g i t u d i n a l  dynamics. 

Never the less ,  a demonstration had been set  up wi th  a 

crude approximation t o  t h e  s i x  degrees of freedom : t h e  longi-  

t u d i n a l  dynamics are computed d i g i t a l l y ,  us ing  t h e  s a m e  non- 

l i n e a r  equat ions  of motion ; t h e  l a te ra l  dynamics are computed 

wi th  t h e  analog. This  demonstration allowed a s tudy  of t h e  

d i s p l a y  i n  more d i f f i c u l t - t o - i n t e r p r e t  s i t u a t i o n s .  P i l o t  

opinion w a s  used f o r  eva lua t ion  i n  t h i s  p a r t .  
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5.b. The three-dimensional simulation. 

1,It has been shown in the previous chapter, that the control 

of a V/STOL aircraft with the perspective display is a rela- 

tively easy task. Without confusion it is possible to derive 

the pitch attitude, the altitude error and the position along 

the glidepath. It is also possible to perform the landing task 

with a high degree of accuracy, i.e. the display allows for 

a quantitative read-out. 

Motion in a three-dimensional space with six degrees of 

freedom however calls for an instrumentation, which is capable 

of indicating attitude (yaw, pitch and roll) as well as 

position (left or right with respect to the localizer, too 

high or too low with respect to the glideslope, and the 

position along the glidepath), 

Although it has been shown (50) that the control of the 

lateral dynamics of the aircraft do not present any problem 

in automatic control, the main purpose of the three-dimen- 

sional simulation therefore is to show that it is possible 

to derive each of the above mentioned state variables without 

confusion. 

2, The display program is left unmodified, since it has 

been written for six degrees of freedom motion. The simulation 

of the aircraft dynamics have been divided into two groups! 

and have been computed separately. Two more controls have 

been added (Fig- 5) : aileron control and rudder control. 

The resulting attitude changes, roll angle and heading angle 

are also sampled by the display program. 
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5.c. Display Interpretation. 

In order to understand the display, selected views along 

the glidepath are shown, using display scheme one (Fig. 31) 

and display scheme two (Fig. 32). At first no roll is applied, 

and only a heading change is illustrated. Then, for the same 

positions and heading conditions, the appropriate roll is 

included, which makes the airplane follow the illustrated 

path. This series of views is shown in Fig. 33 and is derived 

from Fig. 32. 

Figure 31 shows display scheme one, which does not have 

the extended ground lines. In position 1, the nose of the 

airplane is pointed towards the top of the left distance pole 

set at 10,000 ft. The second case shows the aircraft aimed at 

the same pole, but also at the right pole placed at 70,000 ft. 

The airplane is on the glideslope, with a pitch angle, 

slightly larger than the glide path angle. In position 3, 

the airplane is aimed more to the right of the same pole, In 

position 4, the asymmetry in the picture shows that the air- 

plane is closer to the right, but with a heading parallel to 

the runway centerline. View 5 shows the aircraft lined up 

with the runway, but this is not evident from the picture. 

Because of this inconvenience and also because of the 

shortcoming of visual information derived from distant points, 

display scheme two has been introduced earlier and has been 

investigated. Figure 32 shows the aircraft in the same 

selected positions as in Figure 31, This time however, the 

aircraft*sposition with respect to the localizer is better 
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Fic. 31. The perspective display scheme one, 

illustrating a heading change only. 
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Fig.32, The p e r s p e c t i v e  d i s p l a y  scheme t w o ,  

i l l u s t r a t i n g  a heading change on lyo  
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3 E. 

Fig. 33. The perspective display scheme two, 
illustrating heading and roll changes. 

-104- 



determined. The far end of these extended groundlines indicates 

the heading, while their location at the edqe of the screen 

is an indication c?f the position with respect tc the localizer. 

This principle is the same as the pitch inform.aticn derived 

from the glideslope lines, For the same reason, a dead beat 

response while nulling glidepath errcrs can easily be 

achieved, as shown ir! pcsition 5. 

Where Figure 32 indicates the effect of a heading change, 

Figure 33 illustrates the effect of roll added to the condi- 

tions existing in Figure 32. Francs 1 and 4 shcm a left r o l l ,  

frame 2 shows a right roll, while frarres 3 and 5 show the 

airplane in level flight. The amount of r o l l  cannot be derived 

as easily as the other attitude variables, because this infor- 

mation is derived from the asymmetry cf the picture. This 

will be explained! in more detail in the next secticr,. 

Figure 34 shows pictures of the screen for the various 

views, illustrating the sketches in Figs. 32 aAd 33. 

5. d Evaluation and Conrr.erLts. 

The design principle for the perspective display is 

twofold : 1) it is intended. to give the pilot the information 

in one coherent map and P . G ~  ZLC i: superposition, 

2) to give a minimum set of lines to yield all the 

necessary information, 

but in such a manner that no confusion will occur and that the 

display is satisfactory to give a quantitative information 

for the prescribed task. 
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Fig. 34a. The display as seen at the start of the 
flight. The aircraft's position is 800 ft 
to the left of the localizer. 

Fig. 34b. The display as seen in the same position 
as in Fig. 34a. This time, the aircraft 
has a left roll, which will bring it 
further away from the localizer, 
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Fig .  34c. The d i s p l a y  as  seen 6 0 , 0 0 0  f t  from t h e  
runway. The a i r c r a f t  i s  on t h e  g l i d e s l o p e ,  
t o  t h e  r i g h t  of t h e  l o c a l i z e r .  I t  has  no 
r o l l ,  and it i s  headed f a r  t o  t h e  r i g h t  of 
t h e  runway. 

F ig .  34d. The d i s p l a y  as  seen 5 0 , 0 0 0  f t  from t h e  
runway. The a i r c r a f t  i s  above t h e  g l i d e s l o p e ,  
a l i t t l e  t o  t h e  r i g h t  of t h e  l o c a l i z e r .  I t  
has  no r o l l ,  and it i s  headed t o  t h e  l e f t  
of t h e  runway - 
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The present proposed picture is limited by the available 

equipment, and this section is intended to give a survey of 

the comments and solutions to specific problems. 

1. If one reads the picture statically, it is sometimes 

difficult to read the roll information. With the present 

configuration it is derived from the asymmetry of the picture, 

or from the tilted position of the vertical poles. However, 

the addition of the horizon line will help overcome this 

difficulty , and this addition is still in agreement with 
the display design principle. 

2. An exact read-out of the variables can be desirable. 

A graphics terminal can solve this problem. The numbers 

should change only at regular intervals such that the pilot 

has time to read the numbers. 

3 .  For unusual positions, such as position 2 in Figure 29, 

it will be helpful to give the glideslope lines a different 

color than the extended ground lines. 

4. For other tasks than landing, a waveoff maneuver or a 

curved approach for example, a different display program is 

advisable, which the pilot would be able to select with a 

mode switch. Similar skeleton-type pictures could be worked 

out, depending upon the task. 

5. Indications of obstacles could beincluded. The obstacle 

should be linked to the rest of the picture with groundlines 

perpendicular to the localizer. 

6. Indication of a desired forward speed or the deviation 

from it, could be indicated with poles moving away or towards 
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the center of the screen depending upon the case, flying too 

fast or too slow. 

5.e. Pilot opinion., 

It is a recognized fact that pilot opinion is a signi- 

ficant factor in determining important design decisions on 

new aircraft ( 3 4 ) .  Flying qualities cannot be represented by 

a measurable number in several instances, and must therefore 

be judged by pilot opinion. Reference 34  describes various 

approaches and aspects of this method, and table 3 gives 

the pilot opinion rating system. 

No strong emphasis has been put on this rating during 

all phases of the experiment, except in the study of the 

three-dimensional motion. The opinion of the experienced 

pilots has been asked for, and their comments are listed 

below : 

1. It is desired to have a sensitive reading of sink rate 

as well as altitude near touchdown. 

2, A horizon line is desirable for a better reading of 

the roll attitude. 

3 .  It is desirable to have a localizer centerline to 

eliminate small lateral oscillations, This was found to 

be true, optically speaking. 

4. Heading should be indicated on the horizon line, using 

marks every 5 degrees or so. 

In terms of the same rating system, the experiments with three 

degrees of freedom yielded a numerical rating 6 for the 

conventional dials, and a rating of 2-3 for the perspective 

display. 
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5 . f ,  Comparison of the perspective display with others. 

Various changes have been made to the perspective 

display for landing during the course of the experiment, 

by incorporating the suggestions of the pilots. The 

rearrangement in the line configuration was done to 

achieve a better level of performance for a specific 

flight variable. 

Fig. 35 shows the various display formats. The sig- 

nificant factors in selecting the different lines are : 

- runway cue : for simulating VFR conditions 
- glideslope lines : for tracking the glideslope 

- distance poles : to indicate a desirable change in 
the flight mode 

- groundlines : to show the proximity of the terrain 
in order to obtain smoother touchdowns 

- horizon line : to indicate better the amount of roll 
- localizer line : for tracking the localizer 

Besides the status information on position, the attitude 

is indicated relative to the runway and the landing spot, 

rather than as an absolute quantity. 

The display did not include numbers on the screen, 

and it has some similarity with displays 3 and 4 in Fig. 

36a. The other display types in this figure are basically 

integrated displays (they bring on one screen the information 

otherwise displayed on several dials) and they all display 

the information as follows : 
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V I S U A L  CUE O F  THE RUNWAY 

GLIDESLOPE L I N E S  

DISTANCE POLES 

GROUNDLINES 

HORIZON L I N E  

LOCALIZER CENTERLINE 

Fig ,  35. The va r ious  d i s p l a y  formats  t h a t  have been examined. 
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pitch, as a vertical motion of the horizon line 

roll, by rotation of the horizon line 

heading, by marks on the horizon line 

command heading and pitch, with a director symbol 

status altitude, by means of a scale or moving tape 

rate of descent, by means of a scale or a marker 

airspeed, on a scale 

deviation from the glideslope, using a moving symbol 

deviation from the glidepath, using a moving symbol 

All of the displays are of the inside-out type, giving status 

information and where the appropriate response is fly-to. 

None of the displays provides inner loop closure, and they 

only alleviate the pilot workload by reducing the scanning 

time. They also reduce the possibility of misreading the 

status information. 

A display which has some things in common with this 

perspective display is the SAAB Pole Track display (Ref. 8 0 ) -  

It is also a contact analog display of the skeleton type. It 

has the landing path displayed and the horizon line, as well 

as the distance poles. However it does not have the glideslope 

or localizer lines, but it has instead quite a number of poles. 

The pilot has to track the top of the poles (hence the name : 

Pole Track) to stay on the glideslope. The author was fortunate 

to have seen a movie of the Pole Track display. Some of the 

comments of our display scheme-one are applicable to the 

Pole Track display. 
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I PITCH ANGLE 

ROLL ANGLE 
HEADING 
STEERING 

I TURN RATE 
VERTICAL ORIENTAT ION 
ALTITUDE 
VERTICAL VELOCITY 
AIRSPEED 

GLIDESLOPE 
I GLIDEPATH 

- I WAVEOFF 
I PATHWAY 
SIDESLIP 
RUNWAY HEADING ERROR 

RANGE TO GO 

Fig. 36b, Information f o r  landing, given by the displays 
in Fig. 36a, (Ref. 80) 
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CHAPTER 6 

CONCLUSIONS AND RECOMM'IENDATIONS 

- 6 .  a.  Resul t s  and Conclusions 

I t  i s  o f t e n  argued t h a t  a human o p e r a t o r  i s  l i m i t e d  

i n  h i s  a b i l i t y  t o  Control  a system. An experiment has 

been se t  up t o  check t h e  v a l i d i t y  of t h i s  argument i n  t he  

landing of a VTOL a i r c r a f t .  A v a r i e t y  of p i l o t - s u b j e c t s  

has been examined when c o n t r o l l i n g  a VTOL a i r c r a f t  of t h e  

t i l t - e n g i n e  type .  The s imula ted  a i r c r a f t  d i d  n o t  possess  

any s t a b i l i t y  augmentation. The p i l o t s  performed a t a s k ,  

c o n s i s t i n g  of t r a c k i n g  t h e  g l i d e s l o p e  from c r u i s e  t o  hover ,  

and of landing  t h e  s imula ted  a i r c r a f t  under category I11 

condi t ions  e T h e  imposed g l i d e s l o p e  v a r i e d  from t h e  range 

of t h e  convent ional  one ( 3 O )  t o  the s t e e p  g l i d e s l o p e  case 

of 1 7 . 5 O  e Severe wind d i s tu rbances  w e r e  app l i ed  t o  t es t  

the p i l o t ' s  t r a c k i n g  a b i l i t y .  To improve the  p i l o t ' s  

performance, a p e r s p e c t i v e  g l i d e s l o p e  i n d i c a t i n g  system 

was provided.  

6.  a. 1. P i l o t i n g  Techniques 

I t  was observed t h a t  t h e  p i l o t ' s  approach i n  c o n t r o l l i n g  

t h e  a i r c r a f t  depends upon h i s  f a m i l i a r i z a t i o n  wi th  t h e  

a i r c r a f t  dynamics, from t h e i r  f i r s t  exper ience  wi th  the  

s imula to r .  Experienced p i l o t s  c o n t r o l  t h e  a i r c r a f t  e x h i b i t i n g  a 

second o r d e r  l ead  whi le  t r a c k i n g  t h e  g l i d e s l o p e .  
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Inexperienced p i l o t s ,  on t h e  o t h e r  hand, c o n t r o l  t h e  a i r -  

c r a f t  as a pure ga in  system a t  t h e  s t a r t  of t h e i r  t r a i n i n g .  

Gradual ly ,  a f t e r  l e a r n i n g  and t r a i n i n g ,  they change t o  

a f i r s t  o r d e r  system, and then  t o  a second o rde r  system. 

The speed wi th  which they l e a r n  depends upon t h e i r  a b i l i t y  

t o  understand t h e  s i t u a t i o n  whi le  f l y i n g  t h e  s imula ted  

a i r c r a f t  . 
When applying t h e  random d i s t u r b a n c e ,  t h e  experienced 

p i l o t s  go through a s i m i l a r  t r a i n i n g  pe r iod  b u t  i t  i s  of 

a s h o r t e r  t i m e .  Inexperienced p i l o t s  ha rd ly  reach t h e  same 

l e v e l  of performance, and f a t i g u e  i s  observed a t  q u i t e  an 

e a r l y  s t a g e .  

Occas iona l ly ,  dur ing  t h e  experiment,  some ins t ruments  

go o f f  s c a l e .  This r e s u l t s  i n  a d r a s t i c  change of t h e  

human o p e r a t o r  c o n t r o l .  H e  merely a c t s  as a pure t i m e  

delay and t h e  de lay  depends upon t h e  degree of ignorance,  

F i n a l l y ,  it has been observed t h a t  d i f f e r e n t  techniques 

w e r e  used depending on t h e  g l i d e s l o p e .  For t h e  s t e e p  

g l i d e s l o p e s ,  t h e  experienced p i l o t  behaved as  a t i m e  varying 

c o n t r o l l e r  between f i r s t  and second order .  Medium experienced 

p i l o t s  tend t o  c o n t r o l  t h i s  way, too.  

6.a.2.  Trackina A b i l i t v  

The a b i l i t y  t o  t r a c k  the g l i d e s l o p e  i s  a d i r e c t  measure 

of t h e  l e v e l  of  performance t h e  p i l o t  has  reached. The e r r o r  

s c o r e  de r ived  by means of an abso lu te  weighted e r r o r  sum of 

t h e  d e v i a t i o n  from t h e  g l i d e s l o p e ,  shows t h e  progress  t h e  

p i l o t  makes as  t i m e  goes on. I t  t u r n s  o u t  t h a t  t h i s  s c o r e  
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too  i s  h igh ly  c o r r e l a t e d  wi th  t h e  p i l o t ' s  performance 

a t  touchdown ., 

The use  of t h e  g l i d e s l o p e  i n d i c a t i n g  system improves 

t h e  e r r o r  s co re  by an o r d e r  of magnitude, whi le  the l ea rn -  

i n g  t i m e  f o r  a l l  three classes of p i l o t s  has  become 

n e g l i g i b l e .  I n  f ac t ,  when a novice i s  t o l d  what t h e  

t r a c k i n g  t a s k  c o n s i s t s  of, i n  seconds he has  learned  how 

much l ead  and what ga ins  t o  use.  When the  d i s p l a y  i s  blanked 

manually t o  cause some d e v i a t i o n  t o  show up, t h e  response 

of t h e  p i l o t  i s  always one w i t h  dead beat response,  as soon 

as  t h e  d i s p l a y  i s  t u r n e d  on again.  

6 .  a .  3 .  Consistencv i n  Touchdowns 

Without t h e  c o n t a c t  analog d i s p l a y s ,  t h e  s t anda rd  

dev ia t ion  for the  touchdown range as w e l l  as f o r  the 

touchdown v e l o c i t y  i s  q u i t e  h igh .  The b e s t  touchdown 

v e l o c i t i e s  w e r e  ob ta ined  where t he  p i l o t  executed a f la re  

preceeded by a duck-under maneuver. T h i s  way of landing ,  

however, brought a long a s u b s t a n t i a l  e r r o r  i n  touchdown 

range e 

With t h e  p e r s p e c t i v e  g l i d e s l o p e  i n d i c a t i n g  system, the 

s t anda rd  d e v i a t i o n  f o r  t h e  touchdown range as w e l l  as f o r  the 

touchdown v e l o c i t y  i s  s i g n i f i c a n t l y  less Moreover, t h e  

mean va lue  f o r  both of these q u a n t i t i e s  is  much c l o s e r  t o  

the d e s i r e d  va lues  ( i . e .  9 0 , 0 0 0  f t  and less than 6 ft/sec, 

r e s p e c t i v e l y ) .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  w i t h  the 
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d i sp lay  a coord ina ted  change of  t h e  f l i g h t  v a r i a b l e s  

us ing  var ious  c o n t r o l s  has  become an easy t a s k ,  un l ike  

t h e  ins t rument  approach where t h e  p i l o t  uses  a stepped- 

up technique. I n  t h e  l a t t e r  method, t h e  p i l o t  changes 

only one v a r i a b l e  a t  a t i m e .  

6.b. Appl ica t ions  f o r  t h e  Display 

The r e s u l t s  have shown t h a t  t h e  d i s p l a y  allows 

coordinated maneuvers much b e t t e r  than wi th  t h e  convention- 

a l  ins t ruments ,  which are more e f f i c i e n t  than  any stepped- 

up approach c o n t r o l .  For t h e s e  reasons,  i t  i s  very promising 

i n  t h e  fol lowing a p p l i c a t i o n s  : 

1. Steep Approach Paths  

The d i f f i c u l t y  i n  t r a c k i n g  t h e  g l i d e s l o p e  goes up as 

t h e  s l o p e  inc reases .  P r e s e n t  approaches are made with a 

3 degree g l ides lope .  Using t h e  d i s p l a y ,  i t  w i l l  be p o s s i b l e  

t o  have simultaneous approaches a t  d i f f e r e n t  ang le s ,  where 

t h e  pa ths  can be followed i n  a very narrow band. I f  t he  a i r  

t r a f f i c  would n o t  be  allowed t o  have simultaneous approaches 

i n  a s i n g l e  p l ane  and a t  d i f f e r e n t  ang le s ,  b u t  r a t h e r  i n  

d i f f e r e n t  p lanes  and s m a l l  d i s t a n c e s  a p a r t ,  t h e  d i s p l a y  w i l l  

do again.  Fu r the r ,  t h e  s t e e p  approach has  t w o  i n t e r e s t i n g  

a p p l i c a t i o n s :  f i r s t ,  t h e  n o i s e  problem can be so lved  

g r e a t l y  by al lowing a i r c r a f t  t o  "drop o u t  of t h e  sky ,"  

secondp t h e  supe r son ic  t r a n s p o r t  can b e  arranged t o  ope ra t e  

more e f f i c i e n t l y  by s t a y i n g  up much longer  i n  t h e  a i r  a t  
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maximum speed, w h i l e  t h e  s t e e p  descen t  pa th  would be used 

t o  d e c e l e r a t e  t h e  a i rc raf t .  

2 .  Car r ie r  Landing 

Due t o  i t s  v a r i a b i l i t y  and a d a p t a b i l i t y  fo r  t h e  

missions o r  t h e  conf igu ra t ion ,  t h e  p e r s p e c t i v e  d i s p l a y  can 

be worked o u t  f o r  t h e  a i r c ra f t  carrier landing.  Steep 

approaches can be  combined w i t h  accu ra t e  landings and smooth 

touchdowns, even i n  zero-zero v i s i b i l i t y .  

3 .  Hel i cop te r  Approaches 

Although n o t  worked o u t  as a s p e c i f i c  example, h e l i -  

copter  landings on a roof top  are q u i t e  feasible- Again i n  

zero-zero v i s i b i l i t y ,  a d i f f e r e n t  l i n e  p a t t e r n  would be 

drawn t o  make hover easier. Rather  than having a Hor izonta l  

S i t u a t i o n  Display ( H S D ) ,  t h e  sc reen  could be  p laced  a t  an 

angle t o  have p a r t i a l  advantage of a V e r t i c a l  S i t u a t i o n  

Display (VSD) . 
4 .  Visua l  Simulat ion Tra in ing  A i d  

I n  rea l  f l i g h t  s i t u a t i o n s ,  the  p i l o t  d e r i v e s  a g r e a t  

deal of information by looking o u t  t h e  window. Furthermore, 

a l l  landings are p r e s e n t l y  te rmina ted  VFR even though the 

approach t o  t h e  d e c i s i o n  h e i g h t  may be I F R .  For t r a i n i n g  

purposes , fixed-base s imula to r s  are bet ter  than t h e o r e t i c a l  

l essons  Moving base s imula to r s  are s t i l l  b e t t e r .  H o w e v e r ,  

some v i s u a l  c o n t a c t  w i l l  h e l p  f u r t h e r  t o  understand t h e  
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f l i g h t  s i t u a t i o n ,  where ins t ruments  o r  motion may upse t  

t h e  s t u d e n t - p i l o t  when he  becomes d i s o r i e n t e d .  Indeed, 

t h e  p o s s i b i l i t y  of be ing  able t o  t u r n  on o r  t o  t u r n  o f f  

t h e  d i s p l a y  showed i t s  h e l p  dur ing  recovery from unusual 

s i t u a t i o n s ,  which o therwise  normally r e s u l t e d  i n  "crashes .  I' 

6 e c. Recommendations f o r  Fur the r  Study 

Immeasurable t i m e  has  been s p e n t  i n  s e t t i n g  up t h e  

experimental  apparatus  , i n  w r i t i n g  innumerable programs t o  

do t h e  job, and i n  t e s t i n g  o u t  t h e  o v e r a l l  system. The 

programming has  been q u i t e  gene ra l  so t h a t  w i t h  a minimum 

of modi f ica t ions  even a whole new experiment could be 

worked out .  

1. From t h e  d i s p l a y  p o i n t  of view, a number of appl ica-  

t i o n s  are f e a s i b l e .  F i r s t ,  t h e  d i s p l a y  can be used t o  

s tudy t h e  l a t e r a l  response of t h e  p i l o t  c o n t r o l l i n g  t h e  

VTOL a i r c r a f t .  The program need only have more r ea l i s t i c  

l a t e r a l  dynamics wi th  some of t h e  l o n g i t u d i n a l  dynamics. 

I t  would be q u i t e  i n t e r e s t i n g  t o  know i f  t h e  c o n t r o l  of 

t h e  l a t e ra l  dynamics i s  a l s o  performed as a t i m e  varying 

model f o r  t he  s t e e p  g l ides lope  approach. Secondly, the  l i n e  

conf igu ra t ion  of t h e  d i sp lay  can be modified t o  resemble t h e  

roof t o p  of a b u i l d i n g  wi th  an appropr i a t e  "roadway i n  t h e  

sky." Techniques t o  make hidden l i n e s  i n v i s i b l e  have been 

s u c c e s s f u l l y  app l i ed  (Ref. 9 7 )  e Thi rd ly ,  a d i sp l ay  cduld be 

-121- 



designed t o  r e p r e s e n t  a roadway i n  t h e  sky f o r  take-off  

a p p l i c a t i o n s ,  f o r  example, o r  f u l f i l l  t h e  role of an elec- 

t r o n i c  a t t i t u d e  i n d i c a t o r  f o r  supe r son ic  a i r c ra f t .  T h i s  

s tudy would i n d i c a t e  i f  it is  poss ib l e .  t o  f l y  " the  optimum 

path" under seve re  ci rcumstances.  For the  SST a i r c r a f t ,  

f o r  example, it i s  known t h a t  keeping a l t i t u d e  i s  no t  an 

easy task .  F i n a l l y ,  it i s  a l s o  p o s s i b l e  w i t h  t h i s  gene ra l  

d i sp l ay  concept t o  d u p l i c a t e  some of t h e  v e r t i c a l  s i t u a t i o n  

d i sp lays  under development ( R e f .  8 0 ) .  I t  would then be 

poss ib l e  t o  compare performance ob ta ined  us ing  d i f f e r e n t  

d i sp l ays .  

2 .  From t h e  c o n t r o l  p o i n t  o f  view, it would be reward- 

i n g  t o  t es t  t h e  performance of the p i l o t  u s ing  t h e  perspec- 

t i v e  g l ides lope  i n d i c a t i n g  system and t o  compare it w i t h  

an automatic  c o n t r o l  system (p re fe rab ly  designed us ing  

opt imal  c o n t r o l  t heo ry )  e Both systems would be examined 

us ing  t h e  same a i r c ra f t  dynamics w h i l e  performing t h e  same 

t a s k .  

3 .  From a p r a c t i c a l  p o i n t  o f  view, it would be i n t e r -  

e s t i n g  t o  s tudy  some o t h e r  a spec t s  us ing  e x a c t l y  the same 

se t -up ,  namely economy, dens i ty  and no i se .  I t  has been 

shown t h a t  economy depends l a r g e l y  on t h e  f l i g h t  pa th  

followed (82). I t  remains t o  be i n v e s t i g a t e d  i f  t h e  i m -  

proved d i sp lay  concept  w i l l  m a k e  t h e s e  pa ths  f e a s i b l e .  

For t h e  no i se  problem, it would be  i n t e r e s t i n g  t o  f i n d  o u t  
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how much of an improvement can be ob ta ined  i n  coming down 

fo l lowing  a s t e e p  approach wi th  power o f f  us ing  w e l l  known 

formulas f o r  n o i s e  propogation. F i n a l l y ,  from t h e  p o i n t  

of view of a i r  t r a f f i c  d e n s i t y ,  it would be i n t e r e s t i n g  

t o  f i n d  o u t  how much t h e  t r a f f i c  flow could be inc reased  

us ing  mul t ip l e  approach pa ths  wi th  s h o r t e r  descent  per iods  

and wi th  smaller spacing.  Of course ,  s a f e t y  would have t o  

be looked a t  by cons ide r ing  a given l e v e l  of confidence. 

6.d. Synthes is .  

The pe r spec t ive  d i s p l a y  has  been i n v e s t i g a t e d  as  a means 

of ins t rumenta t ion  f o r  V/STOL a i r c r a f t  i n  t h e  landing phase. 

The examination i s  a des ign  method f o r  comparing d i s p l a y s .  

The r e sea rch  f o r  t h i s  t h e s i s  has explored f u l l y  t h e  

ideas  and concepts of t h e  pe r spec t ive  d i s p l a y .  The important  

c o n t r i b u t i o n s  can be synthes ized  ds fo l lows  : 

1. The p r e s e n t  pe r spec t ive  d i s p l a y  i s  a c o n t a c t  analog 

d i s p l a y ,  and t h e  a t t i t u d e  and p o s i t i o n  information i s  

presented  as a r ea l i s t i c  and coherent  map, r a t h e r  than  

i n  an i n t e g r a t e d  f a sh ion  or i n  a way which i s  a combi- 

n a t i o n  of both.  N o  moving p a r t s  move i n  oppos i t e  

d i r e c t i o n  and hence reduces confusion. 

2.  The d i s p l a y  i s  of t h e  s k e l e t o n  type ,  r a t h e r  than  of a 

p i c t o r i a l  na tu re .  I t  u s e s  a minimal set  of l i n e s  t o  

g i v e  t h e  p i l o t  t h e  d e s i r e d  information necessary t o  

perform t h e  landing  t a s k .  The conf igu ra t ion  y i e l d s  a 

q u a n t i t a t i v e  read-out f o r  e x c e l l e n t  performance. 
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3 .  The important feature of the display is that the attitude 

and the position information are visually linked in the 

picture, It allows the pilot to control the aircraft in 

an adaptive manner and allows a dead beat response while 

nulling errors in deviation from the glideslope and the 

glidepath. 

4. The display is very suitable for coordinated control 

changes unlike stepped-up approaches. It gives the pilot 

a better and faster interpretation of the flight con- 

dition and hence allows a continuous control rather than 

a sampling-and-hold strategy based on estimation. 

5. The display evaluation has been done in a full mode of 

operation. The pilot has a specific landing task and 

his overall performance is examined : quality, strategy 

and learning. 

6. Special programming techniques have been incorporated 

to help realize the study with moderate equipment, 

More expensive graphics terminals or larger computing 

facilities would facilitate this task- OnPboard equip- 

ment however will require a limited computing system 

for practical purposes. 
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